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THE VARIATION WITH ANGLE OF EMISSION 
OF THE RADIATION FROM METALS 
BOMBARDED BY SLOW ELECTRONS 


By C. Boeckner 


ABSTRACT 


The radiation from Pt and W, with its electric vector parallel to the plane of 
emission, increases rapidly with increasing emission angle. For the other direc- 
tion of polarization the radiation varies only slowly with angle. The variation 
is given by the function (1—»)/cos@ where Rp is the reflection coefficient of the 
metal for light incident at angle @. A discussion of the variation of emission from 
surface layers with angle is given, based on T. C. Fry’s theory of lamellar absorp- 
tion. The disagreement with the observed variation is in the direction to be 
accounted for if the radiation is initially emitted anisotropically (in a manner 
similar to the continuous X rays) and is later modified by refraction effects. 

It is shown that the angle variation is somewhat similar to that expected for 
the inverse vectorial photo-electric effect. 


CONTENTS 


. Introduction 

. Method 

a Results 

’. Discussion i 
1. Radiation from a thin layer... La pe ee 


2. The intensity variation of thermal radiation with angle of 
emission 
3. Surface emission and ‘‘lamellar absorption”’ 
4. Relation to the inverse photo-electric effect 
5. Relation to the variation of intensity with ‘angle of the 
continuous X rays 
’, Summary 


I. INTRODUCTION 


There is considerable evidence showing that metals when bom- 
barded by electrons emit visible and ultra-violet radiation. In 1920 

illienfeld ! reported a blue gray luminescence appearing at the focal 
spot of an X-ray tube anticathode, due apparently to the excitation 
of the metal atoms by the high speed cathode rays. A similar radia- 
ion was reported by Foote, “Meggers, and Chenault ? as emanating 
wrom a target bombarded by somewhat slower electrons having ener- 
vies of the order of 1 ,000 volts. 

Recently F. L. Mohler * and the author have described a method 
or studying the radiation from metals bombarded by very slow elec- 
trons having energies of from 2 to 15 volts. The method makes use of 
the fact that a small metal electrode in a gas discharge draws very 
itense electron currents when maintained at a potential positive to 
he surrounding space. It was found that with the large current 
lensities thus obtained (4 or 5 amp. cm *), metals emitted radiation 





illienfeld and Rother, Phys. Zeits., vol. 21, p. 49, 1920. 
vi ote, Meggers, and Chenault, J. Opt. Soc. Am., vol. 9, p. 541, 1924. 
FL. Mohler ¢ and O, Boeckner, B. S. Jour. Research, vol. 6 (RP 297), p. 673, 1931. F.L. Mohler, B. 8. 
our. Research, vol. 8 (RP421), p. 357, 1932, 
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having a continuous spectrum of rather uniform intensity in the visible 
and ultra-violet. 

Some of the characteristics of this radiation are the approximate 
equality of the absolute intensities from most metals; the exceptional 
behavior of silver in possessing a very intense emission band in the 
ultra-violet; and the fact that at low electron velocities the spectrum 
possesses a high frequency limit in the ultra-violet. It may also be 
mentioned that the radiation is thought to be the analogue of the 
continuous X-ray spectrum since the absolute intensity is of the order 
predicted for the ‘“‘bremsstrahlung”’ produced by slow electrons. 

The present paper deals with the polarization of the radiation and 
the variation of intensity with the angle of emission. The measur. 
ments were undertaken with the thought that the intensity-angle 
relation might be similar to that of the continuous X rays. It will 
be shown later that the velocity of the electrons is normal to the metal 
surface; it might therefore be expected as in the case of the continuous 
X rays that the radiation would be most intense when observed in 4 
direction perpendicular to the direction of motion of the electrons, 
By analogy the radiation might also be expected to be polarized with 
the electric vector parallel to this direction. 


II. METHOD 


To study the variation of intensity with angle, a cylindrical elec- 
trode was observed in a direction perpendicular to its axis. An 
enlarged image of the cylinder was focused upon the spectograpl 
slit, the axis of the image being in the plane of the slit and perpendici- 
lar toit. From a study of the variation of intensity across the image, 
information could be deduced concerning the variation of intensity 
with emission angle. It is clear for example that the radiation forn- 
ing the edges of the image is emitted at a grazing angle while light ai 
the center is emitted normal to the cylinder surface. 

It was thought desirable to study the intensity variation for both 
the significant directions of polarization of the radiation. <A quart 
double image prism was therefore placed in the optical train so that 
one of the images had the electric vector of its radiation parallel to the 
plane of emission (perpendicular to the cylinder axis) and the other 
perpendicular to the plane. Since the ultra-violet was found to be 
the most convenient spectral region for the study of the radiation, 
quartz fluorite achromatic lenses were used to form the cylinder imag¢ 
upon the slit. It was found necessary to place the double image 
prism on the source side of the lenses to avoid initial depolarization 
of the radiation by their quartz components. 

A discharge in cesium vapor (several thousandths millimeter pres 
sure) was used as a source of current to the electrodes for numerol' 
experimental reasons. The cylindrical electrode was placed in the 
positive column of the discharge coaxial with the cylindrical discharge 
tube. This arrangement was necessary to secure uniform currell 
density over the electrode surface. The measurements were all mat! 
with energies of the bombarding electrons of about 7 volts. 

It is of interest to mention that the potential drop between tlt 
electrode and the discharge occurs in a small sheath several hw: 
dredths of a millimeter thick; the electric force is consequently norm 
to the metal surface. The direction of motion of the electrons is ther’ 
fore also perpendicular to the metal surface, since their initial enery! 
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ble HE in the discharge is small compared to the potential drop across the 
sheath. 


ate The metals studied were platinum, tungsten, and silver. The first 
nal Me two metals could be raised to a bright red heat and outgassed by 
the Me drawing large discharge currents to them while the discharge tube 
um [fe was connected to the pumps. The surfaces were further cleaned by 
be ME intense ion bombardment. 

the Me It was thought of some significance to compare the variation of 


der Me intensity with angle for a matte surface and a polished surface. <A 
very good diffusely reflecting surface of platinum was prepared by 
and (electroplating a layer of platinum black upon a platinum rod and heat- 
ure. Je ing to redness in a flame. An attempt was made to prepare a similar 
igle J tungsten surface by etching a tungsten rod. In this case, however, 
will He the surface was far from being a diffuse reflector and showed marked 
etal Me polarization of light reflected from it. 
0us Densitometer records of the blackening across the cylinder image on 
ina Me the spectograms were made by means of a Kip & Zonen registering 
ons, Me microphotometer. The intensities were deduced from these records. 
vith Me Aseries of differently timed exposures on each spectogram served to 
vive the blackening intensity characteristic of the plate. The wave- 
' length range covered was from 4,200 to about 3,100 A. 
The method described has the advantage that the intensities for a 
j range of angles may be obtained from one exposure. It has the dis- 
advantage, however, that the radiation emitted at angles greater than 
60° to the surface normal correspond to a region so near the edge of 
' the image that results are falsified by errors in focus. The method 
was, however, found to be convenient and was thought to be adequate 
for at least a rough survey of the intensity relations. Due to the long 
sexposure times (six hours with the double image prism in place) a 
} more direct method would have been tedious. One set of measure- 
ments, however, was made of the intensity of emission from platinum 
at 75° by comparing the intensity from a large plane electrode ob- 
served at an oblique angle with that obtained when observed in a 
direction perpendicular to the surface. 


It al 
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) the III. RESULTS 


ther 

0 De For both platinum and tungsten it was found that the radiation 
0, with the electric vector parallel to the plane of emission increased 
Nast H rapidly with the angle of emission (the angle between the emitted ray 
nag' @ and the normal to the surface). For the other direction of polariza- 
0h HS tion the intensity was constant across the image. Figure 1 shows a 


plot of the intensity variation across the tungsten cylinder image, the 
tungsten being bombarded by 7-volt electrons. The tungsten in this 
case had been etched in an attempt to render the surface a diffuse 
reflector. A polished surface, however, gave the same results show- 
‘#8 22 that the intensity is not sensitive to the degree of polish of the 
Te surface. There was no appreciable change in variation with angle 
nue B® between 4,200 and 3,100 A. 
By drawing large currents to the cylinder, it was possible to heat it 
to incandescence, enabling measurements to be made of the variation 
of the intensity of the thermal radiation with angle. For comparison 
the results are shown on the lower part of the figure. 
Figure 2 shows a plot of the intensity-angle variation for polished 
er?! @ platinum (full line). The measurements at 75° were obtained from a 
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large plane electrode which could be observed normally and at ay 
oblique angle. It is seen that in this case the variation with angel 
changes with wave length.’ In contrast with tungsten the radiatioy 
from the matte platinum surface showed no variation with angle 
This is perhaps explained by the fact that the platinum surface js 
more nearly an ideal diffuse reflector. 

Silver showed no variation in intensity across the image of the 
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Figure 1.—Intensity variation refle 
Upper curves, intensity variation across image of tungsten cylinder bom- by 
barded by 7-volt electrons. Lower curves, intensity of therma’ radia- Inte 
. tion at 4,200 A T 
impossible to maintain a polish on the silver electrode in a cesiul MMray: 
discharge, due perhaps to the heating by the large electron currents Hi whi 
used. surf 
IV. DISCUSSION the 
sim 
1. RADIATION FROM A THIN LAYER | 
‘Dr 


It is possible to explain the trend of the variation of intensity with 
angle of emission by assuming that the radiation is emitted by a thi 
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laver under the metal surface (radiating uniformly in all directions) 
and is weakened by reflection losses on being transmitted through the 
surface. The intensity J, emitted at angle @ is then given by the 
relatlon— 

I,= constant x (1 — R»)/cos 0 (1) 


R, is taken to be the reflection coefficient for plane waves incident 
upon the surface at angle 6. The factor 1/cos 6 arises from the fact 
that a given area of the image receives radiation from an area of the 
surface larger in the ratio 1/cos @. 
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FicurE 2.—Variation of intensity with angle of emission of radiation from 
platinum bombarded by 7-volt electrons, full line 


Plot of (1—Re)/cos 0 
Variation of intensity with angle deduced from the lamellar absorption of platinum. 


The dashed lines of Figure 2 are plotted from equation (1). The 
reflecting powers are computed from the approximation formula given 
by Drude* using the optical constants of platinum given by the 
International Critical Tables. 

The explanation given above is reasonable only if the concepts of 
rays and the laws of reflection of plane waves can be applied to waves 
which have a radius of curvature of a few angstroms at the reflecting 
surface. The latter distance is in all probability the depth from which 
the radiation is emitted. It is difficult to see, therefore, why the 
simple considerations used should be correct. A more reasonable 


‘Drude, Ann, d. Phys., vol. 35, p. 523, 1888. 
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method of estimating the variation of surface emissivity with angle 
will be given below (relation of surface emission to “lamellar absorp. 
tion’’). 


2. THE INTENSITY VARIATION OF THERMAL RADIATION WITH 
ANGLE OF EMISSION 


The intensity of the thermal radiation emitted by a square centi- 
meter is proportional to (1—,) cos @.° The apparent intensity 
observed at an angle @ is therefore proportional to (1—R,) or 


I=constant (1— Re) (2) 


This relation can be derived by assuming an indefinitely thick layer 
instead of the thin layer used to obtain equation (1). 

It is evident that a measurement of the intensity across the image 
of the cylinder raised to incandescence enables one to estimate the 
change of reflecting power with angle, Ry. This was done in order to 
estimate the reliability of the measurements. The reflection coeffi- 
cients relative to normal incidence were about 18 per cent lower at 
60° than those computed from optical constants of platinum. 


3. SURFACE EMISSION AND “ LAMELLAR ABSORPTION ” 


Fry ° has discussed the absorption of energy by metal surface layers 
from incident plane light waves using classical electromagnetic theory. 
He finds the absorption to be somewhat different from that of the 
metal in bulk and uses the term ‘‘lamellar absorption”’ to describe the 


phenomenon. The absorption is supposed to be proportional to the | 


square of the electric intensity (radiation energy density) just under 
the metal surface. Just outside the metal surface the electric inten- 
sity is given by the vector sum of electric vectors of the incident and 
reflected wave. The electric intensity just inside the metal surface 
can be obtained from the fact that the tangential component of the 


electric force and the product of the normal component by the ampli- | 


tude squared of the index of refraction are continuous across the 
metal surface. The lamellar absorption computed on this basis 
should by Kirchhoff’s law be equal to the emissivity of the surface 
layers of the metal. Fry gives a curve showing the variation of the 
lamellar absorption with angle of incidence of the light for platinum 
at 4,359 A. The curve should also give directly the variation of 
intensity of emission with angle and should be directly comparable ' 
with the curves of Figure 2. The variation of intensity with angle 
obtained in this way is not much different from that of thermal 
radiation, and is therefore not adequate to explain the variation of 
intensity observed in the present work. If the intensity for normal 
emission is unity, then at 60° one obtains from the lamellar absorption 
curves 1.4 for parallel light; for ‘perpendicular’ light, 0.50. The 





5 R. H. Fowler, Statistical Mechanics, p. 493. 

6‘ T. C. Fry, J. Opt. Soc. Am., vol. 22, p. 307, 1932. 

7 Consider a metal surface in equilibrium with radiation at some temperature and let a suitably defined 
beam of the radiation with unit cross section area and energy flux J be incident upon a metal surface at angle? 
Let al be the energy absorbed from the beam by a surface layer of definite thickness. Also let e/ be the 
energy emitted by the surface layer in the direction of the incident beam and from an area of the surface 
equal to 1/eos 8. Equilibrium between the black body radiation and the surface layer demands that ¢ 
and a be equal. a asa function of angle can be obtained directly from Fry’s work. The units of ¢, rad a 
tion from an area proportional to 1/cos 6, are those used in Figure 2. The curves of Fry for the variation 
a with angle for platinum at 4,359 A and those of Figure 2 are therefore directly comparable. 





Boeck 


obse 
vari 
is al 


A 
the 
elec 
and 
be | 
with 
abo 

T 
tail 
give 
bea 
the 
Def 
18 U 

A 
the 
ted 
by 
fro 
mu: 
pho 


iy eC 
ab é 


9 





ueckner] Variation of Radiation with Angle 589 


observed values at 4,200 A are 3.6 and 0.77. For comparison the 
variation of emission with angle deduced from the lamellar absorption 
is also plotted in Figure 2. 


4. RELATION TO THE INVERSE PHOTO-ELECTRIC EFFECT 


Another explanation of the angle intensity relations is possible if 
the phenomenon is correlated with the inverse vectorial photo- 
eectric effect. Relations between the angle variations of the direct 
and inverse effects can be obtained by considering the conditions to 
be fulfilled in order that a metal surface be in thermal equilibrium 
with black body radiation and the thermal electrons in the space 
about the metal. 

The following is a brief discussion based on the ‘‘principle of de- 
tailed balance.”” Let Jdw be the energy of black body radiation of 
given frequency passing through unit area, s (perpendicular to the 
beam), and striking the metal surface at angle @. The directions of 
the ‘rays’ in the beam are supposed to be in the solid angle dw. 
Define Ps such that JPsdw is the energy absorbed from the beam that 
is used in ejecting photo-electrons from the metal. 

Also let J be the thermal electron current *® striking unit area of 
the metal surface and define igdw such that ig/dw is the energy emit- 
ted by the metal in the solid angle dw as a result of bombardment 
by the thermal electrons. Then Jisdw/cos @ is the radiant energy 
from the metal passing through the unit area s. This latter quantity 
must by the principle of detailed balance equal the energy absorbed 
photo-electrically from the beam, or 


Jigdw/cos = Pyldw (3) 


iycos 0 is the apparent intensity of radiation from the surface observed 
it angle 0; that is, the quantity measured; if we call it 2’, 


v'e=cPs (4) 


where c is independent of angle. 

This latter equation implies that the ordinates of Figures 1 and 2 
omen also the variation of photo-electric current with angle, 

6. 

The experimental data for the variation of photo-electric current 
with angle of incidence of the light is rather meager, at least for metals 
0ther than the alkalies. For the alkalies the current with the electric 
vector parallel to the plane of incidence may be from 2 to 10 times 
greater at 60° than at normal incidence. For the other direction of 
polarization the current is usually proportional to the incident energy 
minus that reflected (1—R,). For metals other than the alkalies the 
crease with angle for ‘‘parallel’’ radiation is much slower. The 
variation can be expressed by the relations 

Po|| = a|| (1 — Rell) 
Pol =al(i—ReL) 
Ife is made unity at normal incidence then a|| at 60° varies from 1 to 
2or3; a1 remains closely unity for all angles. It may be mentioned 





Ps should be thought of as referring to the ejection of electrons of some definite velocity and direction 
and J as the current of electrons having the same velocity and opposite direction. 
'Photo-electrie Phenomena, A. L. Hughes and L. A. Dubridge, McGraw-Hill, 1932. 
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that a||>1 is the criterion for the existence of the vectorial Photo. 
electric effect. 

If one uses the computed reflecting powers of platinum one obtains 
from Figure 2 a value for a! at 60° and 4,200 A of 2.4, for aL, 1.3: 
at 3,100 A a! at 60° is 1.6. These values are not inconsistent with the 
general trend of the photo-electric measurements. 

Ives has successfully explained many phases of the vectorial 
photo-eleetric effect for the alkalies by assuming that the photo. 
electric current is proportional to the lamellar absorbing power of the 
surface layer emitting the photo-electrons. If this is true for platinun 
then one would predict for platinum at 4,359 A only a small vectorial 
effect; that is, a||/>1 and al not much different from unity. The 
variation of surface emissivity with angle would then be identica! 
with that predicted from the lamellar absorption and would be in 
conflict with the measurements. 

It may be remarked that, if one could use the energy density just 
above the metal surface instead of that inside as a measure of the 
absorption or photo-electric current, then one would obtain a very 
large vectorial effect. If one assumes a gradual transition in energ 
density between the interior and exterior of the metal, one could 
explain almost any degree of vectorial effect for the absorption of the 
first few atom layers. The work of Ives suggests, however, that th 
discontinuity in energy density is very sharp, occurring within les 
than an atom diameter. 


5. RELATION TO THE VARIATION OF INTENSITY WITH ANGLE OF 
THE CONTINUOUS X-RAYS 


The theory of surface emission given in footnote 7 assumes that 
the individual atoms radiate uniformly in all directions.!! The dis- 
crepancy between theory and observation may, therefore, be explained 
by assuming the emitting centers to radiate anisotropically. Such 
anisotropic radiation is observed for the continuous X rays and is 
predicted for the radiation from a stream of slow electrons impinging 
on protons.” From analogy to both of these cases the radiation 
should be most intense when observed in a direction perpendicular to 
the electron velocity and should be polarized with the electric vector 
parallel to the direction of motion of the electrons. This is in the 
right direction to explain the discrepancy since it is found that the 
“parallel radiation” is much more intense at oblique angles tha! 
would be predicted for radiation emitted isotropically. This state- 
ment is clear if it is remembered that in the present measurements 
the electric vector of the ‘‘parallel’”’ radiation becomes nearly parallel 
to the electron velocity at large angles of emission. It is difficult, 
however, to say quantitatively what should be expected on this view 

In this connection it is of interest to recall the work ef Lillienfeld 
and Rother * on the polarization of the visible radiation produced by 
high speed cathode rays striking a metal target. They observed the 
polarization for various directions of incidence of the cathode rays and 
for angles of emission varying from 45° to a very oblique angle 


10H. E. Ives and H. B. Briggs, Phys. Rev., vol. 40, p. 802, 1932. 

11 The absorption of a single volume element of the metal is supposed to depend only on the magnituct 
of the electric vector. This implies that the emission of the element should be independent of direction, !! 
modification by refraction producing the observed angle variation. 

12 A. Sommerfeld, Ann. d. Phys., vol. 11, 257, 1931. 

18 Lillienfeld and Rother, Phys. Zeit., vol. 21, p. 360, 1920. 
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The radiation was found to be always completely polarized and in the 
direction to be expected if it were emitted by a classical oscillator 
vibrating perpendicular to the metal surface. The results can not be 
explained by a purely optical theory. They suggest, however, that 
the radiation is produced by the electrons being accelerated through 
the “work function layer” of the metal. Since such an acceleration is 
normal to the metal surface, classical electromagnetic theory predicts 
rem. the type of polarization of the emitted radiation that is 
observed. 


V. SUMMARY 


The variation of intensity with angle for both directions of polariza- 
tion is given approximately by the relation J(@)=(1—R6)/cos 0. 
The equation is obtained by plausibility arguments and has perhaps 
not a very sound logical basis. 

Angle variation based on sounder reasoning (by use of lamellar 
absorption theory and Kirchhoff’s law) fails to explain the facts. 
The discrepancy may be due either to the incorrectness of the theory 
or to the fact that the radiation is initially emitted anisotropically 
as are the continuous X rays. 


WASHINGTON, August 3, 1932. 
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NITROGEN CONTENT OF SOME STANDARD-SAMPLE 
STEELS 


By J. G. Thompson and E. H. Hamilton 


ABSTRACT 


The nitrogen contents of four Standard Samples of iron and steel have been 
determined by both the vacuum fusion and solution-distillation (Allen) methods. 
These four standard samples, with nitrogen contents ranging from 0.005 to 0.028 
per cent, are now available as nitrogen standards for analysts interested in this 
determination. 

Repeated analyses of several standard samples of iron and steel showed that 
the nitrogen content of these samples did not change over periods as long as 13 
years. 


CONTENTS 
Page 
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The use of standard samples of iron and steel as nitrogen standards_- 593 
HL The nitrogen content of four current standard samples 


I. INTRODUCTION 


Studies of various methods for the determination of nitrogen in 
ferrous materials have been made at the Bureau of Standards for a 
number of years. Two methods have been commonly used, the vac- 
uum-fusion method and the solution-distillation method, the latter 
usually referred to as the Allen method. Both methods have been 
described in detail in previous publications from the Bureau of 
Standards '* and in the recent book by Lundell, Hoffman, and 
Bright. These and other methods for the determination of nitrogen 
insteel were summarized in a recent publication * by one of the present 
authors. 


I]. THE USE OF STANDARD SAMPLES OF IRON AND STEEL 
AS NITROGEN STANDARDS 


During the investigation of methods for the determination of nitro- 
ven, Bureau of Standards standard samples Nos. 8b, 23, and 55 
have been in intermittent use as reference standards over periods of 
from 9 to 13 years. Samples 8b and 23 are Bessemer steels containing 
0.1 and 0.8 per cent carbon, respectively; sample 55 is an ingot iron. 
The uniform and reproducible results recorded in Table 1, show that 
these three standard samples constitute satisfactory reference stand- 
ards for the determination of nitrogen. A question might be raised 
as to the stability or permanence of the nitrides present in irons and 
steels but it is evident, from the data in Table 1, that the nitrogen 
content of these samples did not change with time during approxi- 
a 10 years. 





Jordan and F. E. Swindells, Gases in Metals. The Determination of Combined Nitrogen in 

lro : ‘and Steel and the Change in Form of Nitrogen by Heat Treatment, B. S. Sci. Paper No. 457, 1922. 

*H. C. Vacher and L. Jordan, The Determination of Oxygen and Nitrogen in Irons and Steels by the 
Vacuum: yo Method, B. 8. Jour. Research, vol. 7 (RP346), August, 1931. 

‘a. ‘ F. Lundell, J. 1. Hoffman, and H. A. Bright, Chemical Analysis of Iron and Steel, John Wiley 
& Sons (Ine.), 1931. 

‘J. G. Thompson, Determination of Oxygen, Nitrogen, and Hydrogen in Steel, Am. Inst. Min. & Met. 
Eng., Tech. Pub. No. 466, 1932. 593 
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III. THE NITROGEN CONTENT OF FOUR CURRENT 
STANDARD SAMPLES 


The available supply of two of these three samples has been ex. 
hausted. In order that nitrogen standards may be readily available 
to workers interested in this determination, the nitrogen content of 
some of the current standard samples was determined. Four standard 
samples, No. 10d (Bessemer steel, 0.4 per cent C); No. 55 (ingot iron): 
No. 101 (‘'18-8” chromium-nickel stainless steel); and No. 106 (nitrid- 
ing steel) were chosen, representing different types of iron and steel 
with different nitrogen contents. Nos. 10d and 55 represent the older. 
simpler types of ferrous materials with low or medium nitrogen con- 
tent. Nos. 101 and 106 represent newer types of steel, with medium 
or high nitrogen content, in which more importance may be attached 
to the presence of nitrogen. Determinations of nitrogen by both the 
Allen method and the vacuum-fusion method show that sample No. 
10d contains 0.008 per cent; No. 55, 0.005 per cent; No. 101, 0.028 
per cent; and No. 106, 0.009 per cent, as recorded in Table 2. 


TABLE 1.—Permanence of the nitrogen content of Bureau of Standards standard 
samples 


No. 8b No. 23 No. 55 | 





ener ae was | iu =; 
Ce aren ay cee eee Year of | a i 
analysis | Nitrogen | analysis | Nitrogen Igonaiyss | Nitrogen 
ages ern fit (eae) | Tt 
| Percent | | Per cent | | Percent | 
if 0.012 0.019 | | 0.005 | 
| 2008.2 O11 | 6010: Arann 005 | 
1 lon | ‘010 | 2923 004 | 
| 011 | | 010 | | . 005 
-012 | 1999 .010 | 1925 . 004 
belle | et emittaeatemmiss | -011 | 393) . 005 
012 | 1} O11 vs . 005 
O11 | 012 | jf 1. 004 
— f Ol 012 | 1932 1. 005 | 
- “1 012 | 012 | {1.005 
012 | \f 010 | | 
| -013 | 1932.......| 1 O11 | 
013 | | 1,010 
a2 | .012 | | ] | 
eemoee 1011 | | 
1.010 | | 
1,012 | | 
1 OU 


' 


1 Determinations made by the vacuum-fusion method. All other determinations were made by the 
Allen method. 


Attention is called to the fact that certain precautions must be 
observed in order to obtain satisfactory results in the analysis of the 
nitriding steel, No. 106, by the vacuum-fusion method. The nitrides 
in this steel are decomposed more slowly in the vacuum-fusion method 
than are the nitrides of plain carbon steels, and it is necessary to 
continue the extraction of gases from the sample somewhat longer 
than usual, in order to insure complete recovery of nitrogen. If this 
precaution is observed complete recovery of nitrogen is secured, as 
is indicated by the agreement between the results from the two 
methods of analysis recorded in Table 2. 


Thompson AT top . . 
Hamilton | Nitr ogen mM Steels 
TABLE 2.—Nitrogen content of current standard samples 


No. 55 
nitrogen | 


| 


, j j 
| No. 55 No. 101 No. 106 | 
| nitrogen | nitrogen | nitrogen | 
} 
| 
| 


No. 10d nitrogen No. 10d nitrogen 


| No. 101 | No. 106 
| nitrogen | nitrogen 
| 





Per cent Per cent | Per cent | Per cent Per cent Per cent | Per cent | Per cent 
10. 008 10. 004 10. 028 10. 009 0. 008 0. 005 0. 028 10. 009 
1,008 1,005 1,028 1 O11 . 009 . 005 . 028 1, 009 
1,009 1,005 1,028 1,010 . 008 . 005 . 028 . 010 
1,009 1,005 1, 028 1,008 . 008 . 027 .010 


1,009 . 005 1, 028 . 010 . 028 . 009 
1,008 . 004 1, 026 . 008 . 009 
. 008 . 005 . 028 . 007 . O10 
. 008 . 004 . 027 . 009 . 010 
Average .008 . 005 . 028 . 009 
































1 Determinations made by the vacuum-fusion method. Remaining determinations made by the 
Allen method. 


In view of the numerous requests, which have been received for 
material to be used as reference standards in the determination of 
both oxygen and nitrogen, it is unfortunate that these standard 
samples can not be used as reference standards for oxygen as well as 
for nitrogen in the vacuum-fusion method. The standard samples 
are prepared in the form of small, uniform millings, and experience 
has shown that such samples yield values much too high in the 
determination of oxygen by the vacuum-fusion method. During the 
milling process the surface of each chip becomes coated with a thin 
film of oxide, especially if the chips become heated. In addition to 
this oxide film, water is usually present as a result of condensation or 
adsorption during handling and storage. The actual amount of 
oxygen in the oxide or moisture film on any one chip is very small, but 
the total from a large number of chips may equal or even exceed the 
amount of oxygen present in the solid metal of the sample. It is 
impossible to distinguish between “surface oxygen” and “dissolved 
oxygen” in the vacuum-fusion method. Consequently, solid speci- 
mens with small surface area and correspondingly small contents of 
“surface oxygen” are preferred for the vacuum-fusion determination 
of oxygen. ‘The presence of these surface films does not, however, 
interfere with the determination of nitrogen, and these standard 
samples are therefore available as nitrogen standards. 


WASHINGTON, July 18, 1932. 








ANALYTICAL METHODS 
FOR THE DETERMINATION OF LEVULOSE 
IN CRUDE PRODUCTS 


By R. F. Jackson, J. A. Mathews, and W. D. Chase 


ABSTRACT 


In sequel to a previous article (RP426) detailed descriptions are presented of 
analytical methods for the determination of levulose in crude products. The 
polysaccharides in which levulose is the predominating sugar can be hydrolyzed 
for analytical purposes in 35 minutes at 80° C. by 0.14 N HCl. After hydrolysis 
levulose is determined either by the selective copper reduction method or by 
polarization at two temperatures. The volume of the mare from a 50-g sample 
of artichokes is found to be 0.8 ml. Rapid methods of titrating reducing sugars 
in low concentration are suggested in extension of the standard methods of Lane 
and Eynon. Methods of determining the purity of crude and purified juices 
are described. Applications of the methods of analysis are made to honey and 
fruits in most of which levulose is found to be the predominating sugar. 
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I. INTRODUCTORY 


The wide distribution of levulose in natural and manufactured 
products makes desirable the formulation of a system of analysis for 
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its quantitative determination. In a previous article ' some of the 
fundamental physical properties of pure levulose in aqueous solution 
and improved methods for its selective determination in sugar mix. 
tures were described. In the present article we shall disc ‘uss the 
determination of lev ulose i in crude natural products and particularly 
in the intermediate products obtained during the process of prepara- 
tion of levulose from natural ‘sources by the method described by 
Jackson, Silsbee, and Proffitt. ? 

In né atural products levulose occurs in the form of the uncombined 
sugar or combined in the form of compound sugars or of polysac- 
charides. When it occurs as the free sugar it is invariably accom. 
panied by dextrose and frequently by sucrose or other sugar. The 
polysaccharides which contain levulose have properties which make a 
direct determination of them at present impossible. They are, how- 
ever, very easily hydrolyzed by dilute acids and may be ‘determined 
indirectly by analysis of the produc ts of hydrolysis. The reducing 
sugars formed by hydrolysis consist of levulose mixed with varying 
proportions of dextrose. The problems involved in analyzing sugar 
mixtures containing levulose become mainly questions of differentia- 
tion between levulose and dextrose since they practically always occur 
together. 

It will be convenient to characterize these mixtures according to 
the ratio of levulose to total reducing sugar. Various methods of 
determining this ratio have been described in the previous article. 
It can be determined rigorously only by direct analysis for reducing 
sugar and selective analysis for levulose. In the former article a 
proximate method was described and designated the Mathews 
formula (RP426, p. 433) in which it was shown that the ratio could 
be determined conveniently by, combining the direct polarization 
with the titration for total reducing sugar under the assumption that 
no optically active substances other than dextrose and levulose were 
present in the mixture. The Mathews ratio will sometimes be found 
valuable even when it differs from the true ratio, for the difference 
then becomes a measure of the optically active or reducing materials 
which are neither dextrose nor levulose. 

In previous articles * it has been shown that inulin yields upon acid 
hydrolysis about 5 per cent of a group of nonreducing difructose 
anhydrides which are of such high stability as to survive the hydroly- 
sis. No analytical method has as yet been devised to determine these 
substances directly, since it is impossible to hydrolyze them without 
employing acid of such high concentration as to destroy the 
reducing sugarin thesample. In the analysis of juices of plants which 
contain inulin or similar polysac € tharides these refractory disac- 
charides will escape detection under the ordinary procedure. Ii, 
however, we assume that they are mainly responsible for the devia- 
tions of the Mathews ratio from the true ratio under the assumption 
that levulose, dextrose, and the disaccharides are the only optically 
active substances present, we have a means of determining the 
approximately. 


1 Jackson and seutee, B. 8. Jour. Research, yoy 8 (RP426), p. 403, 1932. -: Beneatad reference will be 
made to Research Paper No. 426 which for brevity will be designated (RP 426). 

2 B.S. Sci. Paper No. 519, vol. 20, p. 604, 1926. 

3 Jackson and Goergen, B. 8. Jour. Research, vol. 3 (RP79), p. 27, 1929. Jackson and McDonald, B. §. 
Jour. Research, vol. 5 (RP251), p. 1151, 1930; vol. 6 (RP299), p. 709, 1931. 
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I HYDROLYSIS OF POLYSACCHARIDES IN ARTICHOKE 
JUICES 


The juices contained in the roots of the Jerusalem artichoke, 
dahlia, chicory, and many other composite flowering plants are rich 
in polysaccharides in which levulose is the predominating sugar. In 
order to analyze these juices the conditions of acidity, temperature, 
and time must be found which will yield complete hydrolysis without 
destruction of the products of the reaction. The experiments 
described below were performed with the juices and pulp of the 
Jerusalem artichoke, but the conclusions are equally applicable to 
any juice or material which contains similar polysaccharides. 

In order to determine the proper conditions for hydrolysis weighed 
quantities of the expressed juice or comminuted pulp of Jerusalem 
artichokes were introduced into 200 ml Soxhlet flasks, diluted to 
about 175 ml, and acidified with 3 or 4 ml of 8 N HCl. The flasks 
were immersed in a water bath maintained at either 70° or 80° C. 
and after selected intervals of time were one by one removed:and the 
contents cooled rapidly. ‘To simplity the procedure the solutions 
were allowed to assume the temperature of the bath without agitation. 


TABLE 1.—Hydrolysis of artichoke pulp with hydrochloric acid 


(3 or 4 ml of 8 N HC] added to 175 ml! of solution) 


(a) 10-g SAMPLE, 4 ml HCl, 80° C. (d) 50-g SAMPLE, 4 ml HCl, 70° C. 


l pati ee et | 
} , Mathews ; Mathews 
mM Ratio: - Pee Ratio: |Mathews | 
lime of | Reduc- | ratio: Time of | Reduc- . ratio: | 
- Vv U- yulos F yulos oe 
hydroly-| ing | tere levulo e levulose hydroly-| ing lev ulose Niclas peo | 
sis sugars | se | reducing | reducing sis sugars reducing | reducing | 
suge suga 
sugar sugar sugar sugar 


Minutes | Per cent | Per cent| Per cent | Per cent Minutes| Per cent| Per cent| Per cent | Per cent 


Soe Seer Wi anet 20 | 17.25 
20 | 17.00 |..... NOME ES TH 30 
30 | 17.20 12. 45 2. 40 
40 | 17.14 | 12.43 2. 50 
60 | 17.36 | 12.53 2. 70 





























(b) 10-g SAMPLE, 4 ml HCl, 70° C. (e) 50-g SAMPLE, 4 ml HCl, 80° C. 


19 | 16.90 | PE oe he os 
Ot MMe Moet oat lt , ‘ 17.10 | 14.43 84.4 
42 | 17.10 ' § 70. 17.04 | 14.30 83.9 
50 | 17.11 ’ ! 70. : 5 16.96 | 14.16 83.5 
60 | 17.16 | 12. : 17.19 | 14.39 83.7 





) 50-g SAMPLE, 3 ml HCl, 80° C. 


cY 2 eee 
14. 86 
14. 64 
14. 61 
14. 65 > 83.1 




















The samples of pulp were prepared by passing artichoke tubers 
through a food chopper, the plate of which had perforations 2 mm in 
diameter. The hydrolysis experiments were conducted with 10-g 
aud with 50-g samples. Ten grams is a sufficient quantity if the 
sugar analysis is made solely by copper reduction methods, while a 
i0-g sample is preferable if the procedure includes a polariscopic 
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determination. In the series here described all samples, including 
the 10-g samples, were polarized, analyzed for total reducing sugy 
by Lane and Eynon’s volumetric method, and selectively analyzed 
for levulose by Jackson and Mathews’s modification of Nyns’ 
method (RP426, p. 425). 

The samples after cooling were neutralized and defecated with , 
saturated solution of normal lead acetate. The addition of alkglj 
was made slowly and with agitation vigorous enough to obviate 
momentary local alkalinity. The solutions were finally made t 
volume and filtered. The filtrates were polarized in a 400-mm tube 
and an aliquot volume was analyzed for total reducing sugar and 
levulose. 

The experimental results are shown in Table 1. Upon examination 
of the individual series it becomes apparent that regardless of changed 
conditions of hydrolysis the respective samples arrive at approximately 
constant compositions after relatively short periods of time. Even 
when the time is greatly extended there is no evidence of decompos: 
tion of the products of hydrolysis. Indeed, in many instances ther 
appears to be a slight increase in total sugar, possibly by graduil 
hydrolysis of the difructose anhydrides. Table 1(f) shows that 3 mi 
of HCl is about as effective as the 4 ml used in the other experiments 
and produces complete hydrolysis in about the same period of time 
This can be explained by the fact that the determining factor is the 
time required to attain the bath temperature and that the hydrolysis 
itself proceeds very rapidly in either concentration of acid. 

The deviations from constancy of the individual determinations 
are in many cases greater than the experimental error of analysis 
These errors arise probably from the difficulty of obtaining complete 
concentration equilibrium between the solution and the suspended 
pulp. The divergences diminish, as shown in Table 2, when samples 
of press juice are hydrolyzed for periods of time between 25 and 6 
minutes, although here again there is evidence of gradual hydrolysis 
of the disaccharides. 

The Mathews ratio given in the last column of the tables will be 
discussed in a later paragraph. 

On account of the relative uniformity of all the experimental results 
the selection of specifications is in a measure arbitrary. Although the 
hydrolysis can be completed rapidly at 70°, the defecation and filtra- 
tion of solutions hydrolyzed at 80° were more satisfactory. 

Evidently 3 ml of 8 N HCl affords sufficient acidity for the samples 
under investigation. Conceivably samples of greater dry substance 
concentration might by buffer action greatly diminish the converting 
power of the hydrochloric acid. The juices upon which the exper 
ments were made contained by refractometric estimation 17 to 2 
per cent dry substance. A 50-g sample therefore contained 8.5 to 10¢ 
of total solids. In order to ascertain how great a variation in dry sub- 
stance can be tolerated, further experiments were made on a pres 
juice in which the hydrolysis was effected by 3 ml of 8 N HCI for 3! 
minutes at 80° C., while the weight of sample was varied from 50 t 
160 g. In Table 3 are shown the polariscopic readings of the samples 
diluted after hydrolysis to a uniform concentration. The solutions 
containing 50 g and 80g showed identical polarizations, and the one 
containing 100 g of sample showed but slightly lower polarization. The 
experiments indicate that the conditions selected for hydrolysis ar 
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valid even if the dry substance is increased nearly 100 per cent. Such 
arange of concentrations is great enough for the analysis of all natur- 
ally occurring juices, or more specifically, for samples which contain 
not in excess of 19 g of dry substance. In case of uncertainty the 
volume of 8 N HCl can safely be increased to 4 ml. 


TABLE 2.—Hydrolysis of artichoke press juice with hydrochloric acid 


(50 g juice, 4 ml 8 N HCl, 80° C.) 


























l 
f ° 
Ratio: | Mathews 
Time of | Reducing umd levulose rae ah 
hydrolysis} sugars Levulose salhealie: Ie “ ulose 
ne reducing 
sugar sugar 
Minutes Per cent Per cent Per cent Per cent 
10 17.73 15. 25 86.0 82. 4 
25 17. 78 15. 26 85.8 82. 6 
40 17. 82 15. 25 £5. 8 82.7 
60 17. 83 15. 33 86. 0 82.7 
90 7.91 | 15. 38 85.9 82.7 
} 


TABLE 3.—Buffer action of artichoke juice, 19.8 briz 
(3 ml 8 N HCl, 30 minutes, 80° C.) 








| 
Polariza- 
tion at con- 
Weight of | centration Relative | 
press juice | 25g per hydrolysis | 
100 mJ 
X(—1) 
g °S. Per cent 
50 35.7 100. 0 
80 35.7 100. 0 
100 35. 6 99. 7 
125 30.9 86. 7 
160 18.9 52.9 











III. ACCESSORY DATA 
1. VOLUME OF MARC AND LEAD PRECIPITATE 


When a 50-g sample of pulped artichokes has been digested and 
defecated in preparation for analysis the residual mare and lead 
precipitate appear very voluminous. To determine the total volume 
displaced a sample was hydrolyzed and defecated in a weighed and 
calibrated 200-ml flask and the total mixture weighed after being made 
to volume. After thorough mixing, a small ‘‘catch” sample, about 
25 to 30 g, was weighed, made to 200 ml, and filtered. The remainder 
of the sample was filtered and a 25.00-mi aliquot sample made to 200 
ml. The latter and the filtrate from the weighed out sample were 
titrated in triplicate for total reducing sugar. 

If F is Lane and Eynon’s factor, 7’ and 7’ the titers, respectively, 
of the aliquot and the ‘‘catch” sample, V the calibrated volume of 
the 200-ml flask, » the volume of the marc and precipitate, W the 
total weight of the hydrolyzed and defecated sample made to 200 ml, 
and w the weight of the ‘“‘catch” sample, then 


> wWw\1, 
FV(V-»)_* (v-)n (1) 
‘w 





25T z 





; br a 
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in which both terms express the total sugar in 50 g of the sample, 
All quantities are directly observed except v. 

Two determinations yielded the values 0.802 and 0.856 ml for the 
volume of the mare and precipitate, the difference being within the 
error of analysis. We shall accept the value 0.8 ml for the mare of g 
50-g sample. The volume of the marc of a 10-g sample will therefore 
be about 0.2 ml. 

It is of interest to compare this value with the volume of the mare 
from the hot water digestion of the sugar beet. A 26-g¢ sample of the 
latter defecated with basic lead acetate yields a volume of 0.6 ml. 


while a similar sample of artichoke pulp would occupy a volume of 
0.43 ml. 


2. THE MATHEWS FORMULA 


In the previous article (RP426, p. 433) a formula was derived for the 
calculation of the ratio (2) of levulose to total sugar in pure mixtures 
from the direct polarization and Lane and Eynon titration. This 


formula states that 
R “oy 


in which P is the direct polarization, 7’ the corrected Lane and Eynon 
titer, and D the number of volumes to which one volume of the solu- 
tion polarized is diluted for titration. A graphic solution of the func- 
tion yielded a single table from which all values of R could be read 0 
interpolated. 

The Mathews ratio has been compared with the true ratio in all 
products which have been analyzed during the present investigation. 
In some instances because the measurements required for its solution 
can be made with higher precision, it has proved more serviceable than 
the ratio determined rigorously. In other instances a considerable 
discrepancy has appeared. 

The discrepancy between the two ratios is significant, for it becomes 
an indication of the presence of optically active or of reducing sub- 
stances which are not levulose or dextrose. In special cases the specific 
rotations of substances accompanying levulose and dextrose in natural 
products are known and can be employed for quantitative estimation. 
Thus, if ¢ is the saccharimetric normal weight (derived from the 
inverse ratio of the specific rotations of sucrose and of the substance 
in question), V the volume in which g grams of the sample was dis- 
solved for polarization, 7 the Lane and Eynon titer, D the number of 
volumes to which one volume of the solution polarized was diluted for 
titration, and AR the difference between the true ratio and_ the 
Mathews ratio 


7eDA 
ToOyT = per cent optical impurity (3) 


In many natural products it is not to be expected that the formula 
yields an accurate measure of a definite substance. It is rather 8 
measure of all substances which are not dextrose or levulose, arbi 
trarily grouped together and estimated as a definite substance which 
is known to be present, but can not be selectively determined. Appl 
cations of the Mathews formula will be made in the analyses reporte 
below. 
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Chase 
3, TITRATION OF REDUCING SUGAR IN LOW CONCENTRATION 


The convenience and precision of Lane and Eynon’s volumetric 
procedure * suggest the desirability of extending the range of concen- 
trations of sugar to greater dilutions in order to permit the rapid 
analysis of sweet waters, exhausted pulp from the diffusion battery 
and, in general, any solution of low sugar concentration. Since at the 
end of Lane and E ynon’s titration the concentration of cupric copper 
is very small, it is evident that the sharpness of the end point is inde- 
pendent of the initial concentration of copper. We can therefore 
take for titration smaller concentrations of copper than Lane and 
Rynon spec sified for their standard methods and still expect the same 
definiteness of end point, bearing in mind, however, that the slight 
excess of sugar required to reduce the metinylene blue becomes an 
increasingly large proportion of the total titer as the aniount of copper 
is diminished. It is consequently essential that the volume of indi- 
cator be constant for both standardization and analysis. 

Lane and Eynon have shown that 5 ml of the alkaline t tartrate con- 
stituent of Soxhlet’s solution is sufficient to keep the cupric copper in 
solution even for titrations as great as 50 ml. This concentration of 
tartrate has been retained in the following experiments. The copper 
solution has been diminished to 2.5 ml and to 1.0 ml, respectively, and 
water added to make the total volume 10 ml. 

The success of the method depends more upon the skill of the anal- 
yst than in the case of the standard methods. In order to perceive 
the end point more precisely we have altered the standard procedure 
of Lane and Evnon. ‘Ten milliliters of the mixed dilute Soxhlet re- 
agent was transfered to a 150-ml flask. Somewhat less than the total 
volume of the sugar solution required to reduce the copper was added, 
and the flask being held with wooden tongs, the reaction mixture was 
brought to boiling during continuous agitation over a low free flame. 
soiling was continued for one-half minute, the indicator was added, 
and the titration completed in the usual manner. This procedure 
permits a close perception of the end point. 

The titrations against the solutions containing 2.5 ml of copper 
solution proved to be about as reproducible as those by the standard 
methods. ‘The factors for varying ratios of levulose to total sugar and 
varying titers are given in Table 4. The analyst should always stand- 
ardize his own procedure by titration of a known solution. The devi- 
ation of the factor from the tabulated factor found by experiment can 
safely be considered constant throughout the table. 


TaBLE 4.—Lane and Eynon “engp a for 10-ml Soxhlet solution composed of 2.5 ml 
copper-sulphate solution, 2.5 ml water, and 5 ml alkaline tartrate 

(Indicator, 1 ‘ies of 1 per cent methylene blue) 

| | | | 

| Invert} | Levu- 


| | sugar 90 | lose 
| |® | 


Dex- 
trose 20 30 
0 





26. 2 . 26. " 8 | 
26. 4 26. 3. 5. 26. { 
26.5 . 26. . . 27. 
26.7 : 26. § 3 ° 27. 
27.0 27. .é ° 27. 
27.3 27. ° : 27. 
| 


F=25.74+0.0317 T'+-0.0107 R, in which T is titer, and R the ratio of levulose to total sugar 
expressed in per cent. 


‘J. Soc. Chem. Ind., vol. 42, p. 32, 1923. 
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The titrations against Soxhlet solutions containing 1 ml of coppe. 
sulphate solution were, as expected, less reproducible than thos 
against the standard Soxhlet solutions. The method can, however 
be relied upon probably within 1 or 2 per cent of the quantity megs. 
ured. Within the errors of titration the factor proved to be sensibly 
constant for variations of sugar concentration and compositioy, 
The mean of 7 titrations (indicator, 1 drop of 0.2 per cent methylene 
blue) yielded a value of the factor of 11.7. 

The employment of solutions containing 2.5 ml of copper sulphate 
in the Soxhlet solution permits the titration of solutions containing 
from 55 to 180 mg of hexoses per 100 ml. Soxhlet solutions containing 
1.0 ml of copper cover a range of 23 to 78 mg in 100 ml. 


4. STEFFEN’S REAGENTS 


Many of the intermediate products encountered in the production 
of levulose by the levulate process require a determination of alkalinity 
expressed as CaO. For this purpose it is convenient to employ the 
Steffen reagents which are used in the beet-sugar industry. One 
milliliter of these solutions which are 1.786 N is equivalent to 0.05 
CaO. Steffen’s HNO; and NaOH are suitable for the determinatiog 
of total CaO by the usual method. To these are added hydrochloric 
acid and potassium oxalate of the same normality. For convenience 
they also are called Steffen’s reagents and are useful for the neutraliza- 
tion and removal of calcium in the preparation of samples for sugar 
analysis. ‘These solutions are all of equivalent concentration and 
consequently the amount of CaC,0,. H,O which is precipitated is 
related definitely to the volume of Steffen’s reagents added. For each 
milliliter of Steffen’s reagent 0.13 g of calcium oxalate is precipitated, 
and if the density of the precipitate is considered 2.05 ° the volume 
displaced is 0.064 ml. The product of 0.064 and the volume o 
Steffen’s oxalate added is the volume displaced by the precipitate. 

Calcium oxalate is occasionally difficult to separate by filtration 
when precipitated from cold solutions. For removing both calcium 
and lead a mixture of 77.8 g of K,HPO, and 82.2 g of K,C,0,. H,0 
made to 1 liter is particularly satisfactory. This mixture has the 
same total normality as Steffen’s reagents. The mean density of the 
precipitate is 2.19,° and the volume of precipitate from 1 ml of reagent 
is 0.065 ml. 

The volume displaced by the calcium precipitate can be calculated 
and deducted from the volume of the volumetric flask. It simplifies 
the subsequent calculation, however, to add by means of a graduated 
pipette a volume of water above the mark of the flask equal to the 
volume of the precipitate. This procedure is adopted for the method 
suggested below. 


IV. ANALYTICAL PROCEDURE 
1. ARTICHOKES OR SIMILAR PRODUCTS 


The total reducing sugar in these products can be determined b 
Lane and Eynon titration and the levulose either by the modified 
Nyns method or by polarization at two temperatures. 





5 Calculated from data in Handbook of Chemistry and Physics, 13th ed. Chemical Bulletin Publishia 
Co., p. 190, 1928. 
6 See footnote 5. 
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ase 


(a) PREPARATION AND HYDROLYSIS OF SAMPLE 


Unless the substance is already fluid or finely divided, comminute 
he material in a food chopper or similar appliance and mix the sample 
horoughly. ‘Transfer a weighed sample (the amount depending upon 

e method of analysis selected) to a 200-ml Soxhlet flask and add 
vater to about 175 ml. Add 3 ml of 8 N HCl, digest in a water bath 
80° C. for 35 minutes. Cool and add a saturated solution of normal 
rad acetate (about 1 ml for a 7 to 10 g sample and 3 to 6 ml for a 50-¢ 
ample). Add 2.9 ml of 8 N NaOH with very vigorous agitation, 
voiding any local alkalinity. Make to volume, mix thoroughly, and 
low to stand for several minutes. Again mix and filter. Proceed 
by (b) or (c). 


}) ANALYSIS BY LANE AND EYNON TITRATION AND THE MODIFIED NYNS 
METHOD 


Weigh out an amount of the original sample which contains about 
to1.5g of reducing sugar. This will vary between about 7 and 10 g. 
The concentration of sugar in the sample can be roughly gaged, if 
necessary, by refractometric examination of the juice and by assuming 
s total sugar purity of about 85 per cent. Hydrolyze in a 200-ml 
flask, defecate, make to volume 0.2 ml above the mark, and filter, as 
iescribed under (a). ‘Titrate the filtrate directly against 25 ml of 
nixed Soxhlet reagent according to Lane and Eynon’s method.’ 
pply a correction to the titer (7’) if titrations of standard solutions 
all to show exact correspondence with Lane and Eynon’s factors 

RP426, p. 439). 

Assuming that the ratio of levulose to total sugar is about 75 per 
ent, calculate from the total sugar titration the volume of the filtrate 
yhich contains about 75 mg of levulose. Add this volume to 50 ml 

Ost’s solution and add sufficient water to make 70 ml. Determine 
evulose as previously described (RP426, p. 425). 

Calculate the ratio (2) of levulose to total sugar by means of Table 
5(RP426, p. 444). Refer to Table 22 (RP426, p. 439) for the proper 
ane and Eynon factor. Calculate sugars in the original sample by 

Fx 20 
T X weight sample 
RX per cent total sugar=per cent levulose. 





=per cent total sugar 


}) ANALYSIS BY LANE AND EYNON TITRATION AND TEMPERATURE COEFFICIENT 
OF POLARIZATION 
Weigh out a 50-g sample, transfer to a 200-ml Soxhlet flask, hy- 
irolyze, and defecate as described under (a). Make to volume 0.8 
nl above the mark. Remove lead from the filtrate by addition of 
iy sodium oxalate or a mixture of dry oxalate and phosphate. Polar- 
eat or near 20°C. (=P) and at about 70° C. in a water-jacketed 
jlariscope tube, noting accurately the respective temperatures of 
larization (RP426, p. 418). 
Correct the high temperature polarization for the thermal expansion 
the solution by 
Prove {1 + 0.00043 (t:—t,)] =P, 
ind calculate the per cent of levulose by 
4(P.—P;) i l l 
0.0344(h—t,) per cent levulose 


‘I, Soc. Chem. Ind., vol. 42, p. 32, 1923. J. Assoc. Official Agri. Chem., vol. 9, p. 35, 1926. For correction 
siler, see B. S. Jour. Research, vol. 8 (R P426), p. 420, 1932. 
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valid for a 2-dm polariscope tube. If a 4-dm tube is used divide the 
result by 2. 

Pipette a volume of the filtrate which contains about 1 to 1.5 ¢g of 
reducing sugar, make to 200 ml and titrate against 25 ml of Soxhlet’: 
solution by Lane and Eynon’s method. Calculate total sugar by 

FX 20x200_FxX80 . 
hy X50 ~ TPxp ~Per cent total sugar 


in which v is the volume diluted to 200 ml for titration. The factor 
F must be taken from the column in Table 22 (RP426, p. 439) which 
corresponds to the proper ratio of levulose to total sugar. 


(d) PURITY OF DIFFUSION OR PRESS JUICE 


The definition of purity of diffusion or press juice is to some extent 


arbitrary. The dry substance determination is necessarily made before 
the addition of the hydrolyzing agent, while the sugar analysis is 
made after such addition. There is therefore a change in the dry 
substance between the two operations. It would be possible to hydro- 
lyze with some reagent, such as sulphuric acid, and remove it after 
hydrolysis with barium hydroxide. This procedure would not only 
be too tedious for routine analysis, but would yield the purity not of 
the original juice but of the defecated juice, since neutralization of 
the acid would be accompanied by defecation. It therefore seems 
advisable for practical purposes to define arbitrarily the purity as the 
ratio of levulose (or of total sugar) after hydrolysis to the apparent 
dry substance before hydrolysis. Such purity will of course be 
“apparent.” 

Dry substance determination of artichoke juices are most satis- 
factorily made by refractometric or densimetric estimation. A refer- 
ence of such observation to Tables 18, 19, or 20 (RP426, pp. 437-438) 
yields ‘“‘apparent”’ dry substance, since the tables are strictly valid 
only for pure levulose solutions. The dry substance can be determined 
by desiccation methods, but the latter are difficult because the end 
point of the drying is never sharply determinable. Moreover, the 
dry substance is still ‘‘apparent” with respect to the sugar analysis, 
for it consists of polysaccharides which take up water upon hydrolysis. 

Having determined the apparent dry substance, weigh out a quan- 
tity of juice containing 1 to 1.5 g of total sugar and analyze as de- 
scribed under (b), or 10 to 15 g and proceed as in (c). Divide the per- 
centage of levulose by percentage of dry substance to obtain the ap- 


parent purity. 
(e) NOTES 


The general methods described above can be applied to any plant 
material which contains polysaccharides similar in nature to those 
present in the Jerusalem artichoke, dahlia, or chicory. Only when the 
whole plant material is included in the sample is the allowance made 
for the volume of the marc. 

Juices which have been hydrolyzed and defecated in preparation 
for the lime precipitation process can be analyzed by the methods 
described under (}) or (c), omitting the directions for hydrolysis. It 
is essential that calcium be completely removed by oxalate or oxalate- 
phosphate mixture, because it interferes seriously with the reducing 
sugar analysis. 

In order to facilitate the introduction of a 50-g sample of pulped 
plant material into a 200-ml flask it is convenient to make use of 8 
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brass funnel, the stem of which extends into and below the neck of 
the flask, and a plunger consisting of a solid brass cone with a rod 
attached to the smaller end. 

Defecation with normal lead acetate is more complete in neutral 
or but slightly acid solution. The hydrochloric acid can be neutral- 
ed in the manner described if the agitation is sufficiently vigorous 
to avoid ‘local alkalinity. If preferred an 8 N solution of potassium 
acetate can be substituted for the NaOH. This solution can be con- 
yeniently prepared by neutralizing about 50 g of KOH with about 
47 to 50 ml of standardized glacial acetic acid and completing the 
yolume to 100 ml. 

An approximate determination of levulose in artichokes can be 
nade by applying the Mathews formula. The filtrate from a 50-¢ 
ample is polarized directly and an aliquot volume titrated for reduc- 
ing sugars. From the observed data total sugar and levulose are cal- 
culated in the manner described in RP426, p. 433. The errors in the 
ratio which result from the application of the Mathews formula to 
artichoke and dahlia juices are to be ascribed mainly to the presence 
of the dextrorotatory nonreducing difructose anhydrides. In Tables 
land 2 are given the true and the Mathews ratio, the deviation of the 
latter averaging about 3.0 per cent of the quantity measured. 

The addition of 3 ml of 8 N HCl is sufficient for hydrolysis if the 
sample contains not in excess of 19 g of dry substance. If greater 
weights of dry substance are present add 4 ml. 


2. EXHAUSTED PULP AND PULP WATER (RAPID METHOD) 


The control of the diffusion process for the extraction of juice from 
artichokes or similar plants requires a rapid analysis of the pulp and 
pulp water from the last cell of the battery as soon after its discharge 
as possible. 

Grind the pulp sample through a food chopper and express the 
juce by means of a tincture press or, preferably, a hydraulic press. 
Pipette 100 ml into a 200-ml volumetric flask. Add 4 ml of 8 N HCl 
and immerse the flask in a boiling-water bath for four minutes. 
temove from the bath and cool rapidly. Add 1 ml of saturated lead 
acetate and 4 ml of 8 N NaOH. Make to volume, filter, and titrate 
by Lane and Eynon’s method against 25 or 10 ml of mixed Soxhlet 
slution according to the concentration of sugar. 


FXx0.2 ; 
—p =grams of reducing sugar in 100 ml 


Pipette 175 ml of pulp water into a 200-ml flask and add 4 ml of 
’N HCl. Immerse in boiling water and proceed as described in the 
previous paragraph. 


"X 0.11 ; , 
r 7 4 crams of reducing sugar in 100 ml 


If the concentration of sugar is too low for titration by the standard 
Lane and Eynon methods, titrate against one of the dilute Soxhlet 
teagents by the method described on page 603. 
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3. LEVULATE SLUDGE 


Because of the instability of the reducing sugars in the alkaline 
medium in which calcium levulate is precipitated the levulate sludge 
must be sampled and neutralized without delay. 


(a) TOTAL CaO 


Weigh out 20 g of the thoroughly mixed sludge and wash into 
porcelain casserole. Add 20 ml of Steffen’s HNO,, stir with a glass 
rod until completely dissolved, and boil for three to five minutes. 
Cool and titrate to a faint pink with Steffen’s NaOH (phenolphthalein) 


Titer+4=per cent CaG 
(b) TOTAL REDUCING SUGAR 


Weigh out 15 g of the sample, wash into a porcelain casserole, and 
titrate to slight acidity with Steffen’s HCl. Add a volume of Steffen’s 
potassium oxalate-phosphate mixture equal to the volume of the 
Steffen’s HCl plus a sufficient quantity to precipitate any neutral 
calcium which may have been introduced with the defecated juice. 
Wash into a 200 ml volumetric flask, make to volume, and add by 
means of a graduated pipette an excess of water equal to the volume 
of the precipitate. (See p. 604.) Filter and titrate directly against 
25 ml of mixed Soxhlet solution by Lane and Eynon’s method for 
total reducing sugars. Calculate by 


4X re . . sduci iii 
3% 7m per cent reducing sugar 


in which F is Lane-Eynon’s factor and 7 the corrected titer. 
(c) LEVULOSE 


In most instances the ratio of levulose to total reducing sugar will 
have been determined previous to the precipitation process. If so, 
the known ratio can be applied to the percentage of total reducing 
sugar to compute the percentage of levulose. The latter can be 
determined by analysis of the above filtrate by taking a volume con- 
taining about 75 mg of levulose and proceeding by the modified 
Nyns method as described in RP426, page 425. Calculate the ratio, 
R, as described in RP426, page 444. 


RX per cent total sugar = per cent levulose 
4. LEVULATE CAKE 
(a) TOTAL CeO 


Weigh out 10 g of the sample and wash into a porcelain casserole. 
Add an excess (usually 25 ml) of Steffen’s HNO. Stir with a glass 
rod until dissolved, place over a flame, and allow it to boil from 
three to five minutes. Add a few drops of phenolphthalein and 
titrate to a faint pink with Steffen’s NaOH. 
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Chase 
Titer +2 = per cent CaO 
(b) TOTAL SUGAR AND LEVULOSE 


Weigh out 20 g of the sample, wash into a porcelain casserole, and 
titrate to slight acidity with Steffen’s HCl (phenolphthalein). Wash 
into a 200 ml volumetric flask. Add a volume of Steffen’s oxalate- 
phosphate mixture slightly in excess of the determined volume of 
Steflen’s HNO; which was required for the CaO determination. 
Make to volume and add an excess of water equal to the volume of 
the precipitate, that is, 0.065 X milliliters of Steffen’s reagents used. — 

Polarize the filtrate, preferably in a 400 mm tube, at or near 20° C., 
recording the temperature of observation. The negative polarization 
of levulose is enhanced in the presence of KCl, 1 g in 100 ml increasing 
it in the negative sense by 0.59 per cent. Since there is formed 
(.1332 g of KCI for each milliliter of Steffen’s reagent added, diminish 
the negative polarization by 0.078 per cent of its value for each 
milliliter of Steffen’s reagent used. 

Pipette 50 ml of the filtrate into a 200 ml flask, make to volume, 
and titrate against 25 ml of Soxhlet’s solution. 

From the corrected polarization and the corrected titer calculate 
the Mathews ratio in the manner described on p. 440, RP426, remem- 
bering that the polarization, P, in the formula refers to the rotation 
ina2dmecolumn. Calculate by 


Fx4 
—qr = per cent total sugar, 


RX per cent total sugar=per cent levulose 
5. WASTE WATER 


(a) CaO 


Weigh out 100 g of the sample, wash into a porcelain casserole, and 
titrate with Steffen’s HCl (phenolphthalein). Save the solution for 
(b) and (c). 

Titer + 20=per cent CaO 


(b) TOTAL SUGAR 


Wash the titrated solution into a 200 ml volumetric flask and add 
a volume of Steffen’s oxalate-phosphate mixture equal to the titer 
for CaO. If the solution is derived from a juice which has been 
hydrolyzed with H,SO, and defecated with lime, add an additional 
15 ml of the oxalate-phosphate mixture. The calcium must be 
completely removed. Make to volume and add an excess of water 
equal to the volume of the precipitate; that is, 0.065 x milliliters of 
Steffen’s reagent. From the filtrate pipette a volume containing 
about 1 g of total sugar into a 200 ml volumetric flask, make to 
volume, and titrate against 25 ml of mixed Soxhlet reagent. 


(c) LEVULOSE 


Assuming a ratio of levulose to total sugar of 35 per cent, compute 
the volume of the original filtrate which contains about 75 mg of 
“apparent” levulose, add this volume to 50 ml of Ost’s reagent, 
make to 70 ml, and proceed as directed on page 425, RP426. Cal- 
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culate the ratio of levulose to total sugar in the usual way by referring 
to Table 22 (RP426, p. 444) and find the total sugar and levulose by 
the following formulas: 


40x F 
xp ~Per cent total sugar 


where F' is Lane and Eynon’s factor, 7’ is the Lane and Eynon titer 
and » is the volume of solution which was diluted to 200 ml for the 
titration: 


Per cent total sugar X R=per cent levulose 


Some uncertainty is introduced by assuming a value for the 
neutral calcium which is precipitated. The variations from the 
value given above will, in general, be within the analytical accuracy, 
If desired, the calcium can be precipitated by dry sodium oxalai 
and the uncertainty avoided. 


6. EVAPORATOR LIQUORS 


The levulose solutions which are prepared by carbonation of the 
levulate cake are of relatively high purity. After filtration from 
the calcium carbonate they are freed from calcium bicarbonate by 
evaporation or other means and filtered. At this point an analysis 
is of significance in determining the completeness of the separation 
of levulose from its impurities. 

It has already been shown that for artichoke juices the Mathews 
ratio differs but slightly from the true ratio, a fact which indicates 
that the optically active substances in the juice are mainly levulose 
and dextrose. It follows, then, that in the purified liquors from 
which most of the impurities have been removed the Mathews ratio 
will approach the true ratio very closely. Inasmuch as the analyti- 
cal operations contributing to the determination of the Mathews 
ratio are far more precise and reproducible than those depending 
upon Nyns’s method, it is to be recommended that the levulose 
purity of high purity liquors be determined on the basis of the 
Mathews ratio solely. 

(a) DRY SUBSTANCE 


Determine dry substance by measurement of density, referring the 
observation to Tables 18 or 19 (RP426, p. 437), or by refractometer 
reading, referring to Table 20 (RP426). If the sir up has too high 
a concentration for the polarization which is to follow, it must be 
diluted to below 17.2 per cent for a 20° C. polarization, or below 
17.9 per cent for 25° polarization. In this case the dry substance 
measurement must be repeated for the diluted solution, or a weighed 
amount of the concentrated solution must be diluted with a weighed 
amount of water. 


(b) DIRECT POLARIZATION AND APPARENT PURITY 


Polarize the diluted solution directly, recording the temperature 
of observation accurately. From this observation and the percent- 
age of dry substance of the solution the “apparent” purity can be 
calculated by assuming that all optically active material i is levulose. 
Correct the direct polarization to either 20° or 25° C. by assuming 
an expansion coefficient of 0.00043 and a polivinstion temperature 
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Chase 


coeflicient of 0.0344° S. for each gram of levulose per degree change 
of temperature. Correct for concentration by Table 21 (RP426, 
p. 439). Multiply the normal weight (18.407 g at 20° C. or 19.003 g 
at 25° C.) by the direct polarization and divide by the number of 
crams of dry substance in 100 ml. (See below.) 


(c) TOTAL SUGAR 


Compute from the polarization or dry substance analysis the vol- 
ume of solution containing about 1 g of total sugar. ‘Transfer this 
volume to a 200-ml volumetric flask, make to volume, and titrate 
against 25 ml of mixed Soxhlet reagent. 


(d) TRUE PURITY 


From the direct polarization and reducing sugar titration compute 
the product P X 7/D and determine the ratio of levulose to total sugar 
by reference to Table 24 (RP426, p. 442; see also example on p. 440). 
The true purity of the sample is 


FXRxD 4 
TSX10~ per cent purity 

in which F' is Lane and Eynon’s factor, R the Mathews ratio, 7’ the 
corrected titer, D the number of volumes to which the solution polar- 
tized was diluted for titration, and S the grams of dry substance in 
100 ml of the solution polarized. The latter is determined by multi- 
plying the percentage of dry substance by the density as given in 
Table 18 (RP426, p. 437). This product is the weight of dry sub- 
stance in vacuo and for precise work should be diminished by 0.11 per 
cent of its value to give its weight in air with brass weights. 


V. HONEY AND VARIOUS FRUITS 


The methods of selective levulose analysis are applicable to any 
product containing levulose. In order to illustrate further possible 
applications, we have analyzed samples of honey and such fruits as 
were immediately available. 

The samples of honey were supplied by the Bee Culture Laboratory, 
of the United States Department of Agriculture. Dry substance de- 
terminations were made by C. F. Snyder, of this bureau, by refractom- 
eter readings referred to Table 20 (RP426, p. 438). The samples 
were prepared for analysis by weighing out 20 g and washing into 
200-ml volumetric flasks. The solutions were clarified satisfactorily 
by addition of alumina cream. Sucrose was estimated by determin- 
ing polarizations before and after inversion with invertase. Both the 
original and inverted solutions were subjected to a complete sugar 
analysis by the general procedure outlined on pages 604-606. Before 
calculating the Mathews ratio, the rotation of the sucrose was 
deducted from the direct polarization. 

The analytical data are assembled in Table 5. This group of sam- 
ples showed a ratio of levulose to total sugar not greatly in excess of 
50 per cent; the ratio is therefore not appreciably altered by the inver- 
sion of the sucrose. The deviation of the Mathews ratio from the 
true ratio has been solved by formula (3) under the arbitrary assump- 
tion that the deviation is due to dextrins. If a specific rotation of 
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+150° C5 is assigned to these substances, the constant ¢ in formy| 
(2) acquires a value of 11.5. It is apparent from columns 8 and }; 
that these substances occur in all the samples analyzed and that no. 
mal nectar honeys contain a mean of about 4.6 per cent. Obviously 
if honey were adulterated with any considerable quantity of inyer 
sugar, the deviation of the Mathews ratio from the true ratio yij 
diminish. The suggestion is made that this method of grouping they 
substances under the designation ‘‘apparent dextrins” may be usefi 
in the critical examination of honey. In the honey dew and the mele. 
itose honey the quantity of apparent dextrins becomes very large, 
The melezitose honey shows no significant change in ratio or in the 
apparent dextrins before and after inversion, indicating that melez. 
tose is unaffected by invertase. In confirmation of this fact, a sample 
of pure melezitose showed no change in polarization after treatment 
with invertase. The total carbohydrates in the melezitose honey fall 
far short of the total dry substance. This arises from the fact that 
we ascribed a specific rotation of +150 to the undertermined carbo. 
hydrates. If we make the assumption that the total carbohydrat 
purity is 98.2 per cent (the mean of the remaining honeys) and assign 
a specific rotation of +150 to the dextrins and + 87.8 to melezitos, 
we can solve simultaneously for the two latter substances. Such 
a solution yields values of 3.9 per cent dextrins and 20.2 per cent 
melezitose. 

The samples of fruit were obtained by purchase from commercial 
sources. No attempt was made to secure representative samples, 
since the purposes of the present article were merely to illustrate the 
applicability of the methods of analysis. Although some of the fruits 
were ‘‘out of season” at the time of the analysis (March), they wer 
in every case firm and sound. 

The analyses refer only to the press juice which was obtained by 
extraction of the comminuted sample in a small tincture press. Con- 
siderable difficulty was encountered in the filtration of the solution 
after defecation with normal lead acetate, but this was overcome in 
some cases by sedimentation in a centrifugal machine. The solutions 
from the deeply colored fruits in some cases remained discolored after 
defecation, but were completed bleached by one or two drops of 4 
0.5 N sulphur dioxide solution. 

One hundred grams of the sample of press juice was transferred to 4 
200 ml flask, defecated with normal lead acetate, and filtered or 
sedimented. Lead was removed by adding a mixture of dry sodium 
phosphate and sodium oxalate. Sucrose was determined by the 
invertase method, and total sugars and levulose by the methods 
previously described. The ratio of levulose to total sugar as de- 
termined by the Mathews formula was derived from the titer and 
from the direct polarization corrected for the rotation of sucrose. 

The analytical data are shown in Table 6. It is noteworthy that 
all of the fruits examined, except the cranberries, showed an excess 0! 
levulose, slight in many cases, but rising to great predominance in 
apples and pears. The deviation of the Mathews ratio from the true 
ratio as shown in column 8 is small in all cases except the peach and 
the cranberry in which it assumes large negative values. This ind: 
cates the presence of a levorotatory substance. 





8 Browne’s Handbook of Sugar Analysis, p. 523, John Wiley & Sons, New York, 1912. 
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TABLE 5.—Analyses of honeys 





Original honey 








rincipal floral source of Ratio: Mathews 
honey Dry Reduc- T ernlane ratio: Appar- 

sub- | Sucrose ing ——— Levulose ent 
stance sugars — reducing dextrins 
ee sugar 








Per cent | Per cent | Per cent | Per cent Per cent Per cent Per cent 
82. 54 3. 26 72. 13 37. 53 51.9 43.2 5.8 
wae 82. 42 . 69 76. 09 39. 26 51.6 46.9 3 
nckwheat 81.08 44 75. 53 38. 97 51.6 46.3 3.7 
jend No. l 82. 42 . 61 78. 69 42. 0: 53.4 50.3 2. 


falfa..-- - 85. 68 .73 05 39. 62 52. 44.8 
DE. Ucatussanenste 82. 46 41 39.17 38. 9 56. 44.8 
ireweed ....----- 84. 48 . 54 74. 76 40. 97 54. ! 47.4 
allberry ..- 83. 24 . 83 73. : 41. 56. 48.5 


oldenrod ee 82. 16 . 68  & 39. 9% 
STO: Diced imakankmdens 84. 84 . 65 ; 39. 92 
oney dew (incense cedar) - 86. 44 2. 90 31. 05 28. OF 
elezitose honey -....--. 83. 50 . 30 ; 32. 57 



































Honey after invertase inversion 
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75. 67 39. 61.7 46. 3. 80 
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TABLE 6.—Analyses of fruits 


Dry 
’ . f 7S 
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Per cent | Per cent) Per cent) Per cent Per cent Per cent Per ceni|Per cent 
each, ‘Old Gold’’__- 50 8. 62 3.17 1.82 57. 63.8 —6.4 71.5 
pple, ‘Delicious’? -_- 3. 14 1.80 9. 63 6. 58 68. ¢ —1.4 87.0 
1, 24 9.99 8. 88 88. ye 65.8 

.40 2. 03 1.07 52. § 1. 29. 2 
4. 50 5. 07 2. 65 52. f 79. ¢ 

b ; 

rapefruit 3. 4. 03 6. 05 3.17 5 
rapes, ‘‘ Almeria’’ . - 3. 05 .19 16. 28 . 32 5 
tawberry . 6 . 82 . 09 2. 20 5 
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“TERMINATION OF ALUMINA AND SILICA IN STEEL 
BY THE HYDROCHLORIC ACID RESIDUE METHOD 


By J. G. Thompson and J. S. Acken 


ABSTRACT 


' The hydrochloric acid residue method, as used at the Bureau of Standards for 
the determination of alumina and silica in steels, is described. Analyses of six 
teels indicate that this method yields results for both alumina and silica which 
ompare favorably with those obtained by the bromine and nitric acid residue 
nethods. Of the three methods, the hydrochloric acid method is preferred on 
he grounds of speed and simplicity of operation. 
Data are presented to show that the presence of aluminum nitride in a steel 
oes not cause appreciable errors in the determination of alumina by the hydro- 
hlorie acid residue method. 
| The recovery of manganese oxide and silica from manganese silicates, by means 
of the hydrochloric-acid-residue method, is discussed. Data are presented to 
how that satisfactory recovery of silica is obtained only from silicates rich in 
silica and that satisfactory recovery of manganese oxide is not obtained by this 
Snethod. 
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I. INTRODUCTION 


The use of dilute hydrochloric acid to effect the separation of 
metallic and nonmetallic constituents of steel was first applied to the 
idetermination of alumina in steel by Kichline! who reported that 
not more than 1 or 2 per cent of the alumina (A1,O 3) present is soluble 
in dilute hydrochloric acid. He recommended decomposition of the 
sample in diluted acid (2+3) with subsequent determination of alu- 
mina in the residue by the phosphate method. 

Oberhoffer and Ammann?’ confirmed Kichline’s conclusions re- 
sarding the insolubility of alumina in diluted hydrochloric acid and 
presented comparative analyses made by the bromine method and 
fby the hydrochloric-acid method. The results obtained by the two 
methods are in satisfactory agreement, although the values obtained 
iby the bromine method usually are slightly higher than those obtained 
by the hydrochloric-acid method. 





eee 0. Kichline, Note on the Determination of Aluminum Oxide and Total Aluminum in Steel, J. Ind. 
Png. ( hem., vol. 7, pp. 806-807, 1915. 
P. Oberhoffer and E, Ammann, Ein Beitrag zur Bestimmung Oxydischer Einschliisse in Roheisen und 


Stahl, Stahl u. Eisen, vol. 47, pp. 1536-1540, 1927. 
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At the Bureau of Standards it was found that the hydrochloric-aciq. 
residue method could be modified to permit the determination , 
silica (SiO,) as well as alumina. The principal modification consis 
in the use of the 3 per cent sodium carbonate washing solution whic 
Oberhoffer and Ammann employed to separate silica and hydraty 
silicic acid in the residues obtained in their modified bromine method 
The silica in the residue originates in silica and silicate inclusions jy 
the steel. The hydrated silicic acid originates in the decompositiq, 
of metallic silicides, and must be separated from the silica before y 
accurate determination of the latter can be made. The residue whic) 
remains after treatment with the acid and alkali solutions may } 
analyzed by several methods, but it is believed that a complet 
description ‘of the procedure in use at the Bureau of Standards will 
of interest. This procedure is described in the succeeding section, 


II. METHODS OF ANALYSIS 
1. DETERMINATION OF SILICA AND ALUMINA 


Dissolve 50 g of steel chips in 500 ml of diluted hydrochloric aci 
(1+2)on the steam bath. After solution of the iron is complet 
filter, with moderate suction, through a tight paper containing : 
little ashless paper pulp. W ‘ash the residue* on the filter seven 
times with cold water or with diluted hydrochloric acid (1+ 20) an 
then with hot water until the filter paperis free from iron salts. Was 
the residue further with 500 ml of hot (80° to 90° C.) 3 per cer 
sodium carbonate solution, followed by successive washings wit 
hot water, 50 ml of diluted hydrochloric acid (1+ 20) and finally with 
hot water. The diluted hydrochloric acid removes hydrated im 
salts and any sodium silicate which may have formed in dissolving 
the hydrated silicic acid. 

Transfer the paper and residue to a platinum crucible,’ and heat 
gently so as to char the paper without allowing it to flame. Finally 
increase the temperature and ignite, under good oxidizing condition 
but do not let the temperature rise above very dull redness (about 
600° C). Fuse with a small amount of sodium carbonate (2 g wil 
usually suffice). Cool, and dissolve in 50 ml of diluted hydrochlore 
acid (1+10). If a residue remains, filter and wash. Reserve the 
filtrate designating it (A). Ignite paper and residue in a platinum 
*rucible, fuse with 3 g of potassium pyrosulphate, dissolve the cooled 
melt in a small volume of dilute hydrochloric acid and add to tht 
reserved filtrate (A). 

Silica.—Evaporate the solution (A) to dryness and bake for ott 
hour at 105° C. Cool, drench with 10 ml of hydrochloric acid an 
digest a few minutes. Add 75 ml of warm water to dissolve salts 
filter, and wash several times with cold diluted hydrochloric aci 
(1+ 10) and then with warm water. Reserve the filtrate, designatiu 
it (B). Ignite the paper and contents in a platinum crucible, ” slowit 
at first, and finally at a temperature of 1,200° C. for about 25 minutes 
Cool, weigh, volatilize silica by the usual hydrofluoric-sulphuric acid 
treatment and rew eigh. Any residue remaining in the crucible is dis 
solved in hydrochloric acid, or fused with bisulphate and added to tht 
reserved filtrate (B). 


=a 





* The residue may contain carbides of alloying elements, such as chromium and vanadium. ; 
4 With some steels, such as those which contain apprec iable amounts of copper, it is advisable to ignit 
(not over 600° C.) in porcelain and subsequently transfer the residue to platinum for the fusion treatmen' 
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Alumina.—Adjust the volume of the filtrate (B) to about 100 ml, 
dd 2 ml of strong sulphurous acid,® and boil vigorously to expel the 
xcess sulphur dioxide. Add 4 ml of concentrated nitric acid to the 
ot solution and boil to oxidize ferrous iron. Add sodium hydroxide 
olution until the acid solution is nearly neutral. Pour the nearly 
eutral solution slowly and with constant stirring into 80 ml of an 

per cent solution of sodium hydroxide. Heat to boiling, remove 
rom the source of heat, and allow to stand for at least two hours to 

ermit the precipitate to settle. Filter through a double filter of a 
trong tight paper (No. 42 Whatman), and wash with a 1 per cent 
olution of sodium hydroxide. 

Acidify the filtrate with hydrochloric acid and concentrate to a 
olume of about 250 ml. Add 5 ml of concentrated hydrochloric 
cid and 0.5 g of diammonium phosphate. The addition of a little 
macerated filter paper will prevent gelatinous aluminum phosphate, 
ormed subsequently, from coagulating in lumps which are difficult 
o wash free from sodium and ammonium salts. Add two drops of 
methyl red indicator, make the solution just ammoniacal and restore 
he pink color with several drops of diluted hydrochloric acid (1+ 20). 
eat the solution to boiling, add 20 ml of a 20 per cent solution of 
mmonium acetate and boil for five minutes. Let stand for 1 to 2 
ours, filter through a tight 9 cm paper (No. 42 Whatman) and wash 
vith hot 5 per cent solution of ammonium nitrate until 10 ml of the 
yashings no longer yield a test for chlorides with acidified silver 
bitrate. Ignite the residue and paper in platinum under good oxidiz- 
ng conditions until carbon is gone; cover, and heat at about 1,000° C, 
0 constant weight. The observed weight of aluminum phosphate 
multiplied by the factor 0.418 is recorded as the weight of Al,O; pres- 
mt in the original residue. Blank determinations are made on all 
eagents used, and the proper corrections are applied to the results 
bf each analysis. 


2. DETERMINATION OF MANGANOUS OXIDE 


Any manganese present in the original residue will be found with 
he iron and chromium precipitated by the sodium hydroxide treat- 
ment. If manganese is to be determined, dissolve this precipitate 
bf iron, chromium, and manganese with 50 ml of warm diluted nitric 
hcid (1+3) containing a few milliliters of sulphurous acid. Boil the 
olution to expel the oxides of nitrogen, allow to cool, and determine 
ianganese by the bismuthate method. If the amount of manganese 
s very small it is better to use the periodate colorimetric method.° 


III. EXPERIMENTAL RESULTS 


- BEHAVIOR OF ALUMINUM NITRIDE IN THE DETERMINATION OF 
ALUMINA 


The question arose whether aluminum nitride, if present in the 


steel, would be found in the acid-insoluble residue and carried through 


ie determination and reported as alumina. To investigate this possi- 





‘The sulphurous acid, made by passing sulphur dioxide into distilled water to saturation, is added to 


educe any oxidized chromium in order that all of the chromium present may be removed subsequently 
ith the iron. The reduction of chromium by means of hydrogen peroxide was tried, but difficulty was 
heountered in the subsequent removal of iron from the solution, perhaps due to the formation of small 
pounts of soluble sodium ferrate. 

H. H. Willard and L. H. Greathouse, The Colorimetric Determination of Manganese by Oxidation with 
triodate, J. Am. Chem. Soc., vol. 39, pp. 2366-2376, 1917. 
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bility, a quantity of aluminum nitride, containing 10.1 per cent nitro. 
gen, was obtained through the courtesy of the Fixed Nitrogen Rp. 
search Laboratory, of the U. S. Department of Agriculture. 

Two portions of ‘approximately 50 mg each were treated in separate 
beakers with 50 ml of diluted hydrochloric acid (1+2). After stand 
ing on the steam bath overnight, the solutions were filtered and th; 
residues on the filter papers were washed as in the regular procedure 
for the separation of acid-insoluble residues. The residues w ere ig 
nited at a dull red heat to destroy carbonaceous matter, cooled, anc 
transferred together with 50 ml of hydrochloric acid (1+1) to dis 
tilling flasks for the determination of nitrogen by the Allen method: 
Nitrogen is the only constituent of aluminum nitride which was 
determined, as it was assumed that any attack on the nitrides, by 
either acid or alkaline solutions, which resulted in solution of th 












nitrogen, would result in the simultaneous solution of an equivalen Sai 
amount of aluminum. In other words, if nitrogen dissolves fron 
aluminum nitride, in either acid or.alkaline solutions, aluminum like” 
wise will dissolve. a 
The data obtained from these two samples showed that the insol 
uble residues contained less than 4 per cent of the nitrogen present ing It i 
the original samples. This indicates that at least 96 per cent offiuitride 
synthetic aluminum nitride is soluble in the hydrochloric acid (1 +2)MMportio 
or in the wash solutions. alumi 
In addition to the above, tests were also made on nitrided samples the ca 
of two commercial steels, one of the aluminum-molybdenum type andi preser 
the other of the aluminum-molybdenum-chromium type, obtainedfiifind a 
through the courtesy of Dr. V. O. Homerberg. The composition off partic 
these steels prior to nitriding is recorded in Table 1. Specimens fo 
residue analysis consisted of thin nitrided disks, approximately one M2. COM 
sixteenth inch thick and five-eighths inch in diameter, chosen on th 
assumption that with such thin sections practically all of a specimen ,, 
would be affected by the nitriding treatment. ~— 
Samples of each nitrided steel were subjected to the different opera 4 44 
tions of a residue analysis, as follows: The samples designated Aj 1, 
in Table 1 were decomposed in hydrochloric acid (1 +2), filtered, andj th 
the acid-insoluble residues were washed with the customary solutions i) . 
Nitrogen was determined separately in the original filtrates, in tha... 
wash waters, and in the unignited residues. The samples designated 7, , 
B in Table 1 were decomposed in hydrochloric acid (1+ 2), filtered )),.: 
without washing, and nitrogen was determined in the filtrates an Sent 
residues. ; 
The results recorded in Table 1 show that the nitrides present Ii, 


these two nitrided steels were almost completely decomposed an 
erste by the first solution treatment with hydrochloric ack 

+2) in the usual procedure of residue analysis. ‘The amounts 0 
+ Pm recovered either from the wash waters or from the insolub! 
residues were of approximately the order of magnitude of the blank 
correction. However, small but positive traces of nitrogen usually 
were indicated, as rec ‘orded in Table 1. These data show that th 
amounts of nitrides which survived the solution in acid but dissolve 
in the wash waters were negligible. The amounts of nitrides retaine 
in the insoluble residues in all cases were an insignificant proport jon 
of the nitrides present in the original sample. 
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TaBLE 1.—Behavior of nitrides in residue analysis of two nitrided steels 





Nitrogen recovered 


Weight of aca 

| sample 
sci 
| 





Sample No. 
Wash 


Filtrate waters 


Residue 











g g 

5. 858 0. 1000 
4. 613 . 0720 
6.174 a. 2 
. 0870 











Steel No. | Cc I Si 





Al 


| - 
| Per cent | Per cent | Per cent | Per cent | Per cent | Per cent | Per cent | Per cent 
i 0.19 0. 38 0.014 0.012 0.1 1,88 0.83 

35 . 48 .018 . 020 | 15 . 90 





It is concluded, therefore, that the small amounts of aluminum 
uitride ordinarily present in nonnitrided steels (or in the interior 
portions of nitrided ones) do not interfere with the determination of 
iumina by the hydrochloric acid residue procedure. However, in 
the case of nitrided steels if we assume that all residual nitrogen was 
present as aluminum nitride and calculate to the equivalent Al,O; we 
find an appreciable error would occur in the determination of Al,Os, 
particularly if the latter were present in very small amounts. 


1. COMPARISON OF RESULTS OBTAINED FROM DIFFERENT RESIDUE 
METHODS 


The data in Table 2 are the results obtained for alumina and silica 
in comparative analyses of six steels by the nitric acid,’ the bromine, 
and the hydrochloric acid residue methods. 

The results obtained for alumina are in satisfactory agreement for 
ill three methods. It is believed, however, that the hydrochloric 
acid residue method is preferable, as it is more rapid and more con- 
venient to operate than either the nitric acid or the bromine methods. 

In the determination of silica, the results from the modified hydro- 
chloric acid method and the bromine method are in satisfactory agree- 
ment, but some of the results from the nitric acid method are lower 
than results from either of the other two. The lower results from the 
utric acid method probably can be explained on the basis of Ober- 
hoffer and Ammann’s statement that the sodium hydroxide wash used 
in the nitric acid method not only dissolves hydrated silicic acid but 
also attacks dehydrated silica. 





“J. H. 8. Dickenson, A Note on the Distribution of Silicates in Steel Ingots, J. Iron & Steel Inst., vol. 113 
No. 1), pp. 177-196, 1926. 






























620 Bureau of Standards Journal of Research ct 


TABLE 2.—Comparison of results obtained by different residue methods for alumi 








and silica 
Al,Os SiO, 
Sample] Mold additions for 3 vtecte | ey aro- | 
Type of steel No. | tons of steal Hydro-| Brom- | Nitric-| chloric-| Bro- | Nitris 


chloric-| ine acid | acid | mine | acid 
acid | meth- | meth- |method} meth- | met). 
method] od! od! | (modi-| od! od! 
fied) 





| 





Per cent| Per cent) Per cent| Per cent| Per cent} Per cy; 























_ . 113 | 4 pounds Al____._._- 0.026 | 0.023 | 0.022] 0.001 0.002 | <0.) 

ee . ‘sip C, 119 | 25 pounds Fe-V....-| .003| .002] .003| .004| .006/ ~ 1 
: a 7 Ve hs 122 UR ae oc ncte hed . 002 . 002 . 001 . 008 - 006 | 

aan 125 | 4 pounds Al__._..._- 014 - 016 -017 | <.001 001; .m 

ve Ona Ma 00s Sy 131 | 25 pounds Fe-V__._- .002} .002| <.001 008} 009] 

9 ¥-26 DAM, V- - YE oO ae as SE itwucnwe .o Se, eee } <li 








1 Analyses by the bromine method were made by R. J. Kranauer, formerly of the Bureau of Standari 
Analyses by the nitric-acid method were made by H. A. Bright. 


3. RECOVERY OF SILICA AND MANGANOUS OXIDE FROM SYNTHETI 
MANGANESE SILICATES 


In analyses of acid-insoluble residues by the hydrochloric acid 
method, it was frequently observed that the sodium carbonate fusion 
were colored green, indicating the presence of manganese. It i 
probable that manganous oxide, if present in the steel, would ly 
soluble in hydrochloric acid (1+2), but it is possible that certain 
manganese silicates, if present, would be insoluble and, therefor, 
would appear in the residue. In order to investigate this possibility, 
synthetic manganese silicates containing different proportions 4 
manganous oxide and silica were prepared, and the amounts of mar 
ganous oxide and silica recovered by the modified hydrochloric acil 
residue method were determined. 

Manganous oxide was prepared in the laboratory from manganex 
carbonate by two methods. In one method the carbonate was ox: 
dized to MnO, by treatment with nitric acid. The MnO, wa 
reduced to MnO by heating in a nickel boat in a stream of hydrogen 
at 900° C. for about four hours. In the other method manganex 
carbonate was calcined in air at about 1,200° C. in a graphite crucible 
in the induction furnace, and was then further heated at 1,500° C. n 
graphite in a vacuum. 

Three manganese silicates, intended to contain 25, 50, and 75 pe 
cent MnO, respectively, were prepared by mixing precipitated mal: 
ganese carbonate and pulverized quartz in the proper proportions ani 
heating each mixture in a graphite crucible to about 1,500° C. After 
cooling in the furnace the melt was cleaned on an emery wheel ani 
then crushed and ground. In the course of the investigation 1 
appeared that manganese silicates of additional compositions wet 
needed. Such silicates, containing approximately 30 and 60 per cell 
MnO, respectively, were venelad by Dr. C. H. Herty, jr., of tht 
Bureau of Mines. 

The manganese silicates, manganous oxide, and quartz used in the 
analyses were ground to pass through a No. 120 sieve. The tw 
silicates received from Doctor Herty passed through a No. 200 sieve 
Each sample for residue analysis consisted of about 10 mg of one 0! 
the finely ground materials mixed with 50 g of drillings of vacuum 


3 
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used electrolytic iron. Fifty-gram portions of drillings, without 
ydditions, frequently were run as blank determinations. 

The results obtained for the recovery of manganous oxide and silica 
rom these synthetic manganese silicates, by the modified hydrochloric 
cid residue method, are presented in Table 3 and are shown graph- 
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Figure 1.—Recovery of MnO and SiO, from synthetic manga- 
nese silicates by the hydrochloric acid residue method 


cally in Figure 1. The equilibrium diagram for the system MnO- 
is included in Figure 1 for convenience in interpreting the 





% penedicks and H. Léfquist, Nonmetallic Inclusions in Iron and Steel, Chapman & Hall, London, 
.°O. A. Herty, jr., and G. R. Fitterer, New Manganese Silicon Alloys for the Deoxidation of Steel, U.S. 
pureau of Mines Report of Investigations, R. I. 3081, 1931. 
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TABLE 3.—Recovery of MnO and SiO, from synthetic manganese silicates 














util " 
| Composition of | Pins ails Tet Lees 1. 
sample | Weight taken Weight found Recovery | acid r 
| . 
| | l na 1B with t! 
| MnO | SiO. | MnO | SiOz | MnO | SiO; | MnO | Si; the hy 
| | } | P . 
| ~ an oroun¢ 
| Percent | Per cent | g g g g Per cent | Per cent Oem 
0 100 «CO \{ 0. 0104 0. 0093 89 | 
; \ . 0100 . 0090 90 | not ca 
~ If 0.0016 . 0083 | 0.0009 . 0071 56 86 ee 
esis | sti :0017 | 0084 | 0010 | 0073 59 87 | = 
we — . 0035 .0065 | .0027 . 0064 77 98 | nf : 
30.2 | 156.3 { 0035 | [0065 | [0027 ‘0064 77 98 | nitride 
50.7 | 47.0 \f -0062 | .0058 | ‘0048 | : 0041 77 71 | only & 
iti “ 1\ JO0Bs . 0049 . 0044 . 0038 83 73 | loeom 
1582 | 133.7 i 0062 | .0036 | .0023 . 0020 37 55 | ceco 
. *7 fy T0060 | :0035 | 0020 | ‘oo18 33 51 | the de 
70.0 26.5 \f +0070 | .0027 | .0000 | .0000 Nil. Nil. | : 
Te “oe . 0028 . 0000 . 0000 Nil. Nil. | 
lf .0109 . 0000 Nil. 
; me; © | em "0000 Nil. 




















1200-mesh samples. Other samples were 120 mesh. 
contall 
which 

hydro 


The silicates containing about 50 per cent SiO, approximately th 
composition of the compound MnO.Si0,, were the least soluble i 
dilute hydrochloric acid of all the silicates in this system. As thd pon ; 
SiO, content of the silicates increased above 50 per cent the recovery The m 
of SiO, remained at about 90 per cent, but the recovery of Mni si(), 
decreased from the maximum. With decreasing SiO, content, below” 
50 per cent, the solubility of the silicates increased rapidly, resulting 
in decreased recovery of both MnO and SiO, in the insoluble residuesM™ Ack 
The sample which approximated the compound 2Mn0O.SiO, in com the se 
position, was completely soluble in dilute hydrochloric acid, as was advice 
pure MnO. _ In view of the limited number of determinations and th Wa: 
difficulties encountered in these analyses, too much emphasis should - 
not be placed on the results of any one determination. However, tli 
general relation between solubility and composition is indicated and 
it is interesting to note that these curves for the solubility in dilut 
hydrochloric acid are quite similar to the curves which Herty ° o! 
tained for the solubility of manganese silicates in dilute nitric acid. 

From these data it is concluded that satisfactory recoveries 0 
silica, that is, about 90 per cent, can be obtained by means of th 
hydrochloric acid residue method, from manganese silicates whic! 
contain 50 per cent or more SiO,. Recovery of silica from silicates 
which contain less than 50 per cent SiO,, is not satisfactory. Th 
data indicate that from 70 to 80 per cent of MnO is recovered frou 
manganese silicates of over 50 per cent SiO, content. It will be note 
that the revovery of MnO in silicates of less than 50 per cent SiO, 13 
quite low. Obviously, the HCl method is not applicable to the de 
termination of MnO occurring as such (MnO inclusions) and yiel lds 
only fair recoveries of MnO in manganese silicates of high silic: 
content. 


0 C.H. Herty, jr., G. R. Fitterer, and J. F. Eckel, The Physical Chemistry of Steel Making: A Study 
the Dickenson Method for the Determination of Nonmetallic Inclusicns in ‘Steel, U. 8. Bureau of Mines 
Mining, and Metallurgical Investigations Bull. No. 37, 1928. 
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IV. SUMMARY 


The conclusions of previous investigators that the hydrochloric 
yid residue method yields results for alumina that are comparable 
vith those obtained by the nitric acid and bromine methods, and that 
the hydrochloric acid method is preferable to the other two on the 
sounds of speed and simplicity in operation, have been confirmed. 

The presence of aluminum nitride in a sample ordinarily does 
mr ‘cause appreciable errors in the determination of alumina by the 
hydrochloric acid residue method. If relatively large amounts of 
itrides are present; for example, in a nitrided steel, accompanied by 
nly a small amount of aluminum oxide, a small error due to incomplete 
jecomposition of aluminum nitride might result in a serious error in 
the ede termination of a small amount of aluminum oxide. 

The modified hydrochloric acid residue method yields as satis- 
wie results for silica as do the nitric acid and bromine methods. 

4. If manganese silicates are present in the sample, recoveries of 
about 90 per cent of the silica may be obtained from silicates which 
ontain more than 50 per cent SiO,. Recovery of silica from silicates 
rhich contain less than 50 per cent SiO, is not satisfactory. The 
tydrochloric acid method recovers about 70 to 80 per cent of MnO 
fom manganese silicates having 50 per cent or more SiO, content. 
The method is not suitable for MnO in silicates of less than 50 per cent 
S102. 
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AN ANALYSIS OF LANTHANUM SPECTRA 
(LA 1, LA u, LA tm) 


By Henry Norris Russell ' and William F. Meggers 


ABSTRACT 


All the available data (wave-length measurements and intensity estimates, 
tmperature classes, Zeeman effects) on lanthanum lines have been correlated 
aid interpreted in an analysis of the successive optical spectra. The total 
number of lines classified is 540 in the La rspectrum, 728 in the La m spectrum, 
and 10 in the La 11 spectrum. 

Series-forming terms have been identified in each spectrum and from these the 
ionization potentials of 5.59 volts for neutral La atoms, 11.38 volts for Lat+ atoms 
and 19.1 volts for Lat+* atoms have been deduced. 

Lanthanum is a chemical analogue of scandium and yttrium, but, although 
the corresponding spectra are strikingly similar, some interesting differences are 
noted. A doublet-D term (from a d electron) represents the lowest energy 
normal state) in the third spectrum of each element and another ?D (from the 
ed configuration) describes the normal state of the neutral atoms in each case. 
The homologous atoms Sct, Y+, Lat+ choose different normal states; (sd) *D, 
*) 18, (d?) 8F, respectively. In addition, the first two spectra of La exhibit a 
large number of (odd) middle-set terms ascribed to the binding of an f electron. 
The La 11 spectrum is the most completely developed example of a two-electron 
spectrum which has yet been investigated. All the configuration types, s?, sp, sd, 
if, p?, pd, pf, d?, df, f?, have been identified and almost all of the terms arising 
from each. 

The analyses of all three spectra are supported by measurements of Zeeman 
efects, which are interpreted with the aid of Landé’s theory. The splitting 
factors (g values) for many levels show marked departure from the theoretical 
values, but the ‘‘g-sum rule” is valid wherever it is tested. 
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I. INTRODUCTION 


After the analyses of the arc and spark spectra of scandium ? (Sc, 
Z=2i1) and yttrium * (Y, Z=39) had been published the authors 
decided to continue cooperation on the remaining spectra of this type. 
lanthanum (La, Z=57) is a chemical analogue of scandium and 
yttrium; it occupies the same position in the third long period of 
ements that the former do in the first and second long periods, 
respectively. The fact that lanthanum occupies a position in the 
periodic system just preceding the group of 14 elements commonly 
called “rare earths’? makes a complete analysis of its spectra of ex- 
ceptional interest. Indeed, this analysis shows (vide infra) that the 
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atom building process which accounts for the rare earth elements jg 
actually anticipated in the electron configurations of the lanthanum 
atom. Furthermore, the exact nature of electron coupling in comple, 

atoms like La, as disclosed by the analysis of spectral structure, js 
certain to be important in the further development of theory. Ip 
the present paper the authors give the results of an extensive analysis 
of lanthanum spectra in practically the same form as their results for 
scandium and yttrium; the summary of spectral theory given in the 
earlier publications applies also to the present case, and the notation 
is the same except for slight changes which bring it into conformity 
with the standardized nomenclature ‘¢ and prac tice. 

In 1914, Popow ® published the first suggestion of regularities in 
lanthanum spectra. From Zeeman effect observations, he rec ognized 
six La lines as comprising a combination of triplet P and triplet D 
terms. In the same year Paulson ® published a list of constant dif. 
ferences occurring between wave numbers corresponding to La spark 
lines, but no attempt was made to interpret the regularities. Even 

earlier, Rybar’ had made extensive measurements of the Zeeman 
effects in La spectra and many complex patterns were published, but 
there was at that time no satisfactory explanation for most of ie 
Another decade passed before the theory of complex Zeeman effects 
began to unfold itself in the work of Landé,’ thus paving the way for 
an explanation of the La observations. An attempt was made in 
1924 by Goudsmit ® who identified additional Paulson terms in the 
La 11 spectrum with the aid of Rybar’s Zeeman effects. From the 
latter observations the Landé g values and quantum numbers 7 and 
1 were derived for 20 energy levels accounting for approximately 
70 lines. 

In the following year the theory of spectral terms as developed by 
Heisenberg ° and by Hund" gave some important suggestions as to 
the structures of La spectra and attempts were made by one of us to 
extend the analysis of the La 1m spectrum and also to find regularities 
in the Lar spectrum. These efforts succeeded with the availability 
of new empirical data consisting of a description of La lines with 
respect to their behavior with temperature in the electric furnace by 
King and Carter ” and of unpublished Zeeman effects kindly advanced 
by Prof. B. E. Moore. The temperature classification gave a reliable 
separation of La 1 and La u lines, and the new observations of Zeeman 
effects, especially in the red portion of the spectrum, gave the first 
clue to regularities in the Latspectrum. In addition to the 20 levels 
identified by Goudsmit, 22 more were found for Lat atoms and com- 
binations of these 42 levels accounted for about 180 La um lines.’ 
For neutral La atoms 48 energy levels were found and their combina- 
tions accounted for about 130 lines.* In both cases the normal states 
or lowest energy leveis were identified without ambiguity, but in each 
spectrum many lines remained unclassified, and many theoretical 
terms were still undiscovered. These preliminary analys ses s indicated 





“4H. N. Russell, A. G. Shenstone, and L. A. Turner, Phys. Rev., vol. 33, p. 900, 1929. 
4 Popow, Ann, d. Physik., vol. 45, p. 147, 1914. 
. Paulson, Ann. d. Physik., vol. 45, p - 1303, 1914. 
7 “Rybar, Phys. Zeit. vol. 12, p. 889, 
8 A. Landé, Zeit. f. Physik., vol. 15, D. 189, 1923; vol. 16, p. 391, 1923; vol. 19, p. 112, 1923. 
*S. Goudsmit, Kon. Akad. Wet. Amsterdam, vol. 33, No. 8, p. 774, 1924. 
10 W. Heisenberg, Zeit. f. rere. vol. 32, p. 841, 1925. 
ii F, Hund, Zeit. f. Physik., vol. 33, p. 345, 1925. Linienspektren und periodisches system der Elemente, 
—_ Springer, Berlin, 1927. 
A. 8. King and E. Carter, Astrophys. J., vol. 65, p. 86, 1927. 
WW. F. Meggers, J. Opt. Soc. Am., vol. 14, p. 191, 1927, 
14 W. F. Meggers, J. Wash. Acad. Sci., vol. 17, p. 25, 1927. 
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that it would be impossible to extend them without still further experi- 
mental data,” so it was decided to make an entirely new description of 
Laspectra. Such a description was recently completed by one of us,’® 
and it serves as a basis for the analyses of La spectra to be detailed 
in the present paper. In addition to new wave-length determinations 
for more than 1,500 La lines in the interval 2,100 to 11,000 A, the new 
data include intensity estimates of arc and spark lines, separating 
them into three classes, Lar, La m, and La 111 spectra, and improved 
observations of Zeeman effects for 460 lines ranging from 2,700 to 
7,500 A. These data have permitted us to classify almost all of the 
lines ascribed to lanthanum atoms, to identify a large majority of 
the spectral terms, and correlate them with electron configurations. 
In each case it has been possible to recognize series-forming terms, the 
extrapolation of which lead to calculated ionization potentials of 5.59 
volts for neutral La atoms, 11.38 volts for La* atoms, and 19.1 volts 
for Lat* atoms. The total numbers of classified lines in the successive 
spectra are as follows: 540 for La 1, 728 for La 1, and 10 for La 11. 

On account of the greater complexity of La spectra, as compared 
with Se and Y, and pronounced departures from theoretical interval 
ratios, line intensities and Zeeman effects, their analysis has been 
attended by greater difficulties and uncertainties, but patience and 
perseverance have been rewarded by the final classification of practi- 
cally all lines without ambiguity. The detailed results will be pre- 
sented for La 11, then for La 1, and finally for La 1, thus proceeding 
from the relatively simple (alkali) case of 1-valence electron to the 
2-electron spectrum with greatly increased transition possibilities and 
lastly to the spectrum characteristics of atoms with a full complement 
of 3-valence electrons. 
















ll. THE SPECTRUM OF DOUBLY IONIZED LANTHANUM 
(La 111) 


Lanthanum belongs to the third long period in which electron orbits 
of the types 6s, 6p, and 5d are successively added to the completed 
xenon shell. Only one valence electron remains in doubly ionized 
lanthanum and in the normal state this electron is in a 5d orbit 
which produces a ‘D term. The next lowest state occurs with the 
6s orbit, and higher states arise from 6p, 6d, 7s orbits. Some of 
these terms were already identified by Gibbs and White ” and recently 
Badami '8 classified eight lines of the La 11 spectrum. 

The new description of La spectra yielded 10 lines which are 
characterized by an enormous intensity “difference between are and 
spark and are, therefore, ascribed to doubly ionized atoms. Analysis 
of these data resulted in the identification of spectral terms listed in 
Table 1; the observed lines and estimated relative intensities appear 


in Table 2. 

The observed and theoretical (Landé) splitting factors (g) are com- 
pared in the last column of the term table. Since La spectra possess 
¢ values which depart more or less from Landé, the observed Zeeman 
effects in the table of classified lines are compared with those computed 
from observed rather than theoretical g’s. This procedure shows in 





UW, F. Meggers, J. Wash. Acad. Sci., vol. 17, p. 35, 1927. 
2 W. F. Meggers, B. S. Jour. Research, vol. 9 Cipass), p. 239, 1932. 
"R. C. Gibbs and H. E. White, Proc. Nat. Acad. Sci., vol. i2, p. 557, 1926; Phys. Rev., vol. 33, p. 157 


1929, 
4J.S. Badami, Proc. Roy. Soc. London, vol. 43, p. 53, 1931. 
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the first table, the deviations of observed from theoretical g value 
and in the second table how closely the observed data are representej 
by the empirical g values. The observed or computed Zeeman pit. 
terns may be compared with the theoretical by reference to ‘Table 
of Theoretical Zeeman Effects’ published by Kiess and Meggers." 
These remarks apply to the La 1 and La1 spectra (vide infra) x 
well as to La 111. 


TABLE 1.—Terms in the La III spectrum 








g 
Elect ron Q a 
, A omnPoe Te: S vale pepara- 
| mn ura- | Terms Levels sons Ob- 
— serv- | Landé 
ed 
e 5'Diw 0. 00 aa ha 
~ 5°Da 34 1,603.23 | |, 608.28 
6s 6S 1% 13, 590. 76 2. 10 2. 000 
: 6? Pi°s 42, 014. 92 @ Ok. 79 . 63 . 667 
6p 6?Pi x 45,110.64 | % 995.72 | "97 1" 333 
. 6 Diw §2, 378. 75 423.76 
os 6'Day | 82,812.51 oe ie 
78 75 1% $2, 345. 0 























It will be shown later that the terms arising from the 4¢ electro 
are higher than those from 6p in La 1, but lower in La um. This 
suggested that the La mr combinations 5d (*7D)—4f (?F) might lie in 
the infra-red. The La spark spectrum in the interval 8,000 t 
10,500 A was recently explored with xenocyanine plates, but no 
La 11 lines were found although La 1 lines were recorded all the way 
to 9,893.8 A. 


TaBLE 2.—Classified lines in the La III spectrum 


Zeeman effect | 








| 
| (air) Inten- v(vac) ee I 
iy @ § sity em! tions 
| Observed Computed 
| 3, 517.14 | 200 28, 424. 09 6°S 4—6? Pb, (0.73) 1. 36 (0. ¥4) 1. 36 
3, 171. 68 300 31, 519. 94 63S u—6°Pi x (0. 37)0.99, 1.76 | (0. 36)1.00, 1.74 
2, 684. 90 50 37, 234. 29 6? Pi 45-728 Ky 
| 2, 682. 46 30 37, 268. 16 6 Pi w—@’Di yw 
| 2,651.60 | 300 37,701.87 | 6Pix—6’D2% 
2, 478.81 20 40, 329. 9 6’?Pixy—7?S 1% 
2, 476. 72 100 40, 363. 79 62Pixy—6"D1 
2, 379. 38 200 42, 014. 92 5?D1 4—6? Pb 
2, 297. 75 200 43, 507. 40 5’°Dew—6?Pi 




















2, 216. 08 50 45,110.63 | 5*D1%—6?Pi x | 








1 Near carbon line, 2,478.6 A. 


III. THE SPECTRUM OF SINGLY IONIZED LANTHANUM 
(La 11) 


The spark spectrum of lanthanum is exceptionally complex; mor 
than 800 lines appearing in spark spectrograms are associated with 
La* atoms. Superficially, the lanthanum spark spectrum resembles 
the yttrium spark spectrum; in each case the lines are divided roughly 
into two classes by comparison of arc and spark spectrograms. One 





# C. C. Kiess and W. F. Meggers, B. S. Jour. Research, vol. 1 (RP23), p. 64, 1928. 
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group, including most of the stronger lines, has nearly the same 
appearance in a 6-ampere, 220-volt arc and in a high voltage con- 
densed discharge, while the second, lying mainly in the ultra-violet, 
is greatly enhanced upon passing from the arc to the spark and con- 
sists largely of hazy and unsymmetrical lines. The former arise from 
combinations of low energy states with the next higher or middle set, 
while the latter are practically all identified as combinations of 
middle terms with a still higher third set. 
The lowest energy states which can arise from s and d type electrons 
are identified with (even) spectral terms as follows: 
Electron configuration Spectral terms 
8? 1S 
sd 1D sD 
@ 1IS1D1G 3P3F 
All of these have been identified except (d?)'S. Which particular 
term will be the lowest energy and represent the normal state of the 
atom depends on the relative strength of binding of the individual 
eectrons. It is very remarkable that the homologous atoms, Sct, 
Y+, and Lat, each make a different choice; the normal state of Sct 
is (sd)°>D, of Y* (s*)'S, and of Lat (d*)°F. 
Substitution of a p electron for an s or a d electron produces the 
following set of (odd) middle terms: 
Electron configuration Spectral terms 
sp 1p 3p 
dp IPIDJF %P3D3F 
All of the easily excited lines of Sct and Y* are accounted for by the 
above-mentioned low and middle spectral terms, but in the case of 


La* a large number of otherwise superfluous lines indicate additional 
middle-set terms to account for which it is necessary to conclude that 
f-type electrons are present. Thus, the substitution of f- for p-type 
electrons would yield the following additional (odd) middle-set 
terms: 


Electron configuration iP Spectral ad 
, 
df IP !'DFG,/H %P3D3F2GH 
All of these terms have been found in the La 1 spectrum, they in- 
crease the number of middle-set levels from 16 to 40 and thus account 
for the greater complexity of the spectrum. 

The terms produced by the 4f electrons lie lower than those arising 
from the 6p. ‘This is obviously related to the fact that 4f electrons 
are bound into the normal state of the directly following elements, 
Ce to Lu, while the 6p electrons begin to be similarly bound only in 
Tl. In Ba 1 the f electron is much more loosely bound than the p. 
There are numerous high even terms in La 1m. Those arising from 
the configurations 5d 7s, 5d 6d, 6s 6d, and 6p? are homologous with 
similar terms in Sc m and Y um. Two important additional groups 
evidently arise from 6p 4f and 4f?. The former are the lowest of 
all the high even terms. Some hazy lines confined to the spark 
appear to be combinations between these and still higher odd levels 
which have been denoted by numbers 1° to 8°. There are several 
configurations (for example, 5d 7p, 5d 5f, 6p 6d, 4f 6d) which may 
give rise to levels of this sort, and they must be very numerous. 
They should combine with the ground terms to give lines in the 


141809—32——4 
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Schumann region. Observations in this region may detect many 
more such levels and thus lead to the interpretation of the remaining 
unclassified lines in the visible and near ultra-violet. 

This is the most completely developed example of a 2-electrop 
spectrum which has yet been investigated. All the configuration 
types, s’, sp, sd, sf, p’, pd, pf, d’, df, f?, have been identified and almost 
all of the terms arising from each. The theoretical relations of th 
terms arising from each configuration have been discussed by Condo 
and Shortley.”” The agreement of the observed and computed levels 
is, in general, good, and their theoretical predictions led to the correc; 
identification of the difficult terms (df)'H and (f?)'I. 

The terms which have been identified in the La 1 spectrum ar 
listed in Table 3, in which term symbols, relative values of the levels, 
level separations, adopted and Landé g values, and combining term; 
are given in successive columns. The adopted g values are derived 
from the observed Zeeman effects for La 11 lines starting with th 
completely resolved patterns and then applying the formulas of 
Shenstone and Blair* to the unresolved blends. For patterns whic) 
though unresolved had perpendicular (n) components distinctly 
shaded outwards (A') or inwards (A’) the attempt was made to 
measure the points of maximum intensity corresponding to the 
strongest components. If zx is the observed separation we should 


then have 
r=dSigi—JSg2 (Ji =d24+ 1) (| 
When no such asymmetry was noticed it was assumed that the 


settings were on the centroid of the whole pattern and the formul 
then used was 


22 = (J; +] 1 te Jogo (2 
When J, =; the equations are 
2 x=9i+ 92 (n components) (3 
4/3y=(J+1/2) (1—X) (g:-—ge) (p components) (4 
1 


where X= QJriy 8 4741) according as J is integral or hal! 


integral.” 

The weights assigned to the adopted g’s in Table 3 depend on 
the number and consistency of the derived values. The probable 
error corresponding to unit weight is + 0.020. 

Most of the g’s have nearly the theoretical (Landé) values but 
marked discrepancies frequently appear which may be attributed 
to deviations of the actual coupling of the vectors from the ideal 
SL coupling for narrow multiplets. Some of the largest discordances 
are clearly due to “g sharing” among neighboring levels with the 
same J; for example, e°G,, ef; y°Di, y°P:, 2P:. In these cases the 
intensities of many combinations are also abnormal. 





20 E, U. Condon and C. H. Shortley, Phys. Rev., vol. 37, p. 1025, 1931. 
21 A, G. Shenstone and H. A. Blair, Phil. Mag., vol. 8, p. 765, 1929. 
22H. N. Russell, Phys. Rev., vol. 26, p. 1590, 1930. 
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TABLE 3.—Relative terms in the La 11 spectrum 

















Level sep- 
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Adopted 
weight 


Combinations 





0. 00 
1, 016. 10 
1, 970. 70 


1, 394. 46 


1, 895. 15 
2, 591. 60 
3, 250. 35 
5, 249. 70 
5, 718. 12 
6, 227. 42 
7, 394, 57 
7, 473. 32 


10, 094. 86 


14, 147, 98 
14, 375. 17 
15, 698. 74 
15, 773. 77 


16, 599. 17 


17, 211. 93 
18, 235. 56 
19, 214. 54 
17, 825. 62 
18, 580. 41 
19, 749, 62 
18, 895. 41 


20, 402. 82 
21, 331. 60 
22, 282. 90 
21, 441. 73 
22, 106. 02 
22, 537. 30 
22, 683. 70 
22, 705. 15 
23, 246, 93 
24, 462. 66 


24, 522. 70 


25, 973. 37 
27, 388. 11 
28, 315. 25 
26, 414. O1 
26, 837. 66 
28, 565. 40 
27, 423. 91 


30, 353. 33 
31, 785. 82 


35, 452. 66 
37, 172. 79 
39, 018. 74 


39, 221. 65 
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954. 60 


1, 720. 13 
1, 845. 95 


1, 167. 12 
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[2F°, 2IF°, 21G°, y3F°, 23H°, z!1D°, 283G°, 23D°, 
op, y'D°, yiF°, yD°, zeF°, 2iP°, y!P°®, 
err 12k’. 

jar°, Bad yF°, z1D°, 23G°, 2D°, 2P°, yiD°, 

>: Se, SE, OE. oe", SE", 


EF, 21H, 21D°, 23Q°, 2D°, 23P°, 
; yi, yD°, 2F°, z1P°, yiP°, yIP°, 
#P* ay", mPe, 
yF°, 22D°, 23D°, 23P°, y'D°, yiF°, y8D°, r3F°, 
Mae, yiP°, y'P°, OP*, <iP* xtP*; 
2D°, PP°_ gD*, 2P°, yP*, eP°, giP°. 
21G°, y2F°, zH°, ziG°, z§D°, ylF°, ysD°, 
DF°, 2H°, 2F°, 
ab°, 25P°, y'D°, yD’, ey, BP, P*, y'P°, 
riP?, ziF°, rs) ag 
aF, aD, aD, eG, &@F, elF, &D, eG, f2D, 
AF, PG, PF, gD, eH, giF, h'D. 
@F, aD, &G, &F, dF, &D, eG, dD, 1D, 
fiG, fF, gD, iG, &H, 73F, h'D, &D, UD. 
a'F, atD, alG, eG, &F, elF, eG, fF, PG, 1G, 
éH, gF, g'G. 
aF, aD, aD, aiP, alG, &G, &F, eD, eG, 
aD, fD, fF, iG, gD, fiG, gF, g'G, h'D, 
PPLitD, 
lasF, a®D, alG, eG, eF, e'F, eG, fF, fiG, eH 
@F, g'G, etl. 
aF, a'D, aD, aP, 8G, &F, AF, eD, e'D, AD, 
PF, PG, fF, gD, e'P, eS, g8F, AID, g'P, h?D, 
fPP, PD. 
a'F, a'D, a®D, alG, eG, eF, el F, e8D, e'D, G, 
PF, gD, NG, eH, g'F, giG. 
a’F, a'!D,a *D, a®P, alS, alG, b'D, eG, eF, elF, 
&D, dG, dD, f*D, f'D, feG, fF, g?D, e'P, e8S, 
éeP, gD, f1G, eH, gF, AD, g®P, fP, HD. 


( er aD, a8D, a8P, alS, BID, &D, eiD, MD, fF, 


~ ep, eS, &P, giD, gF, h'D, g8P, h3D, /P, 
Ip. 
a'F, a!D, a’D, a®P, b'D, eG, e&D, (2D, 'D, MF, 
PG, PF, wD, eP, &P, h'D, (PP, HD. 
a3F, aD, aD, a'P, alG, eG, elF, 8D, e'G, e!D, 
MF, gD, g'G, hiD, gP, feP, HD. 
aF, aD, aD, aP, alS, a!G, b'D, e' F, e8D, e! D, 
nD, fiG, pF, gD, oP, eis, é&P,g'D, fia, eH, 
MD, g®P, h8D, feP, i817 
a’F, a'D, aD, aP, aia, ‘iD, eG, e&F, elF, e?D, 
PD, MD, NF, PG, PF, gD, etP, eS, g'D, 
NG, &H, h'D, gP, UD, #®D. 
a'F, a!D, a’D, a'P, a'S, b'D, eb, f8D, f'D, e'P, 
e38, eP, eS, g3P, g!S, AID, f3P, UD, fis. 
aiG, e!G, eH, g'G, e'l. 


a’F, a'D, aD, a’P, b'D, e?D, f*D, f'D, g'D, e5S, 
eP, g'D, g'P, g!S, h8D, f3P, iD, fis. 

a!D, a'D, a'P, b'D, e!D, fID, feF, e'P, e’P, e'8, 
918, AD, iD, fis, 1D? 

a’F, a!D, a'D, a'P, alS, b'D, (8G, giD, e!P, e3S, 
e's, gP, iD, frP. 

a’F, a!D, aD, aP, a!G, b'D, f'D, f'D, fF, AG, 
fa, gk, gG, wD, HD, 1D? 


y'D°, y'F°, rFe, 


lr ZF°, 21G°, y'F°, 2H°, 21D, 214°, 2D°, 
ae a fo". y°F°, 25H°, z!D°, 28G°, z3D°, 


oo ar, 2°, 2H°, 2'!D°, 23G°, z'D°, y!F°, 
are 21F°, 21G°, y3F°, 2H°, 28G°, 23D°, ylF°, 
21H°. 
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TABLE 3.—Relative terms in the La 11 spectrum—Continued 














Elec- d | 
tron | m, : eee a Stes 
config: | Term Level erations Combinations 
ation| Adopted Landé 
uration) weight sand 
Bt yf ea q 2 q ¢ Re g A A R im i co : 
6p af | pe Ny > ~4 oS Semmbad bt tae k |2F°, 2iF°, 23F°, z1D°, z3G°, z3D°, 23P°, y:p4 
e'Ds | 38, 221.49 1.100 7 | 1.167 if? yb°, 2°, be, 
eDs | 39,402.55 | 1,181.06 | 1.306 9 | 1.333 || WF% 9 v 
146 5 " 1° 3F° s1T)° 3(}° 3T)? o3P° WIP » 
6p 4f e'D: | 40,457. 71 1046 5 | 1,000 | z Ys F af?’ 2G°, 2D°, 2P°, ylF°, ype 
63 6p | xIPi | 45,692.17 | .97 1 | 1.000] a'F, a'D, aD, a'P, aS, BID, iD. 
5d 7s | f?Dy | 49, 733.13 151. 22 |} .520 3 | .500 


l : ° 1 ° 3 o I po y} ° 3 ° so po 
foDa | 49,884.35 | 1» o44° 55 | 1.141 34} 1.167 |e Af be 7 7 PE FD PO OF", Ht 
(Ds | 51,228.57 | 1344-22) 139) 3° "| 1333 |f “WP. ZF. 


.o 





5d 6d eS; | 54,365. 80 1, 42 1 2.000 | 2!D°, 27D°, z2P°, y3D°, z3F°, ziP°, yP°, y!l 
z3P° 


5d 7s | fiDg | 51, 523.86 1, 02 114] 1.000 | zIF°, y8F°, 23D°, y!D°, 23F°, z!P°, y3P° pips 
| ziF°? 
5d 6d PFs | 52, 137. 67 | 1, 00 1 | 1,000 | z a 21 G°, F°, 21D°, 2P°, yiD°, yiF°, 2K 
} x 4 
bd 6d | feGs | 52,857.88} yon yy | 89 1 | . 750 |. 
AG4 | 53,333.37 | 1 101. og | 1.05 1 1, 050 F°, zIF°, 21G° y2F°, 23G°, 23F°, z1F°, 
f>Qs5 | 54,434.65 | or | 1. 20 1 1, 200 - 
5d 6 53, 885. 24 | 77 2 367 
5d 6d be, amas | 954.801 4°14 2 ‘ees 1 aT '°, 2H, zID°, 234°, z5D°, y!D°, 
fF | 55,321.35 481.31 | 1" 16 2 | 1.250 { z 
f 59 Tad ted © 4 
5d 6d 9° 1 | 52, 169. 66 565. 15 . 67 3 . 500 1.1 F°, yF°, 21D°, 21°, 23P°, y!D®, yi F°, yi 
g D2 04, 734. 81 954. 75 1,17 1. 167 rare spe zp e 
| g*Ds | 53,689.56 | 9479) 1° 9 1. 333 PPE Vere 
} 
i 
| 
| 


5d 6d | etP, | 53,302. 56 21D°, 23D°, 23P°, y'D°, y"D°, 23F°, 21P°, y 




















xP". 
5d 6d | ePo | 54,964. 19?! 
e'P, | 55, 230.33 aaa | 1,57 1 1. 500 |>23D°, 28P°, y!D°, y3D°, zi P°, yiP°, yIP°. 
eP: | 56,036.60| 2514) 192 1 | 1.500 
5d 6d | f'G 4 | 56,035. 70 806.27 | 1°03 1.000 | zIF°, z1G°, y3iF°, 23H°, 234°, 23D°, y3D°, z 
zi? 
5d 6d | gisd2 | 55, 184. 05 1.08 1 | 1.000) 24°, 2D°, 2P°, yiD°, zIF°, y*P°, 
5d 6d | e! So | 54,793. 82 ap" ziP°, 
i 3 5 7. 2 } \d 
ee le eree| Stetl ee S | ieee | are, 2F°, 214°, 2H°, 24°, 2D°, y3D°, rit 
etHe | 56,837.94; 955-85) j'1g 1 | Li6e7|] 7H. 
. ee hee 
af on pt aa ~ 518.92 | 14; 4 | 1.083 |2F, 2iF°, 21G°, yF°, 2H, 2!1D°, 2G°, zD° 
J i yt 340.91 | 4°3, a 2P°, 21 F°, 
g’F4 | 58, 259.41 | 1.22 1 | 1.250 
4f? g'Gus | 59, 527. 60 e* ae | 1.000 | 21G°, y3F°, 2H°, 25G°, yi F°, 21H°, zi F°. 
4f? | A'Ds | 59,900.08 Piao I | 1.000 | 23F°, 21F°, ySF°, 21D°, 2D°, 21P°, y!D®°, y'FYy 
yD, 2F°, ziF° 
6p | (Pd | 60, 094. 84 | oo | 0 NesF°. st? 8° “2Po tet? ge. 98° sp? 
fePr | 61, 123.83 1, 033, 99 | 1.47 134) 1.500 hed spe. pp? tele” edt) al Dads 
fiP, | 62,506.36 | 1,377.53 | 1.45 134) 1.500 |} 4 3 
6p? | i'D2 | 62,026.27 | | 2F°, yF°, 2AD°, 2D°, 21P%, yID®, y'F°, vf 
| iP? yp, yiP?, iF, zip? 
4f? e'Ie | 62,408.40 | | 1.0L 1 | 1.000! 29H, 21H?, 
2 IP 16 B32 | 
ef 1 S| es: 2°, PD®, BP®, oF, PD? BF, Py 
| @P2 | 64 278. 92 575. 74 if mP° 
6s 6d | A®D; | 





| 
| 64, 361. 23 | | 
h' D2 | 64, 529. 90 168. 62 | Lape, 2P°, D°, 21P°, yP°, yIP°, 2P°. 
| 
| 
| 


| meDs | 64, 602.59 | 162.69 | | 

| 1D2? | 64, 706. 76?| | Pe; ar. 
6p? f'So | 66, 591.91 | | ziP°, y8P°, yIP°. 
4f? g'So | 69, 505. 06 | 2P°, y3P°, yIP°. 

6d 6s #Ds 69, 233. 90 | | yD°, F°, ; 
143 | 57, 364.12 | } Ga, eF, aD. 

| 25 | 58, 748.90 | | &G, &F,elF. 

| 33,2 | 59, 612. 64 | | | eG, eF.eD. 

| 43 | 60,744.17 | | eG, aD. 

53,3 | 61, 017.66 | | | @F, 

| 63,3 | 61, 514. 46 | F,elG. 

| 7i,s | 63,598. 87 | | 8G, eG. 

| 8§ | 64,411.17 | | ed, elF, e 
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A diagram of the La 1 terms and combinations is reproduced in 
Figure 1. In order to avoid making the figure too confusing some of 
the combinations have been omitted. The abundance and strength 
of intersystem connections is very striking in lanthanum spectra. 
Comparison with the corresponding diagrams for Se 1 and Y II* 
show at a glance the remarkable increase in complexity of the La 1 
spectrum due to terms involving the f-electron. 

Complete data for all of the observed lines characteristic of ionized 
lanthanum are presented in Table 4, successive columns of which con- 
tain wave lengths, spark intensities, furnace classes, vacuum wave 
numbers, term combinations, and Zeeman effects, both observed and 
computed. The latter are derived from the adopted g values with the 
formulas given above. When the observed pattern is resolved, the 
computed components are given separately; when unresolved, the 
centroid of the blend given by equations (2) or (4), except for the 
patterns described as A! or A’, where the strongest component 
according to equation (1) is tabulated. In the latter case the meas- 
ured position often deviates a little toward the centroid of the group. 
Apart from this the agreement of the observed and computed values is 
usually satisfactory. One faint line, 4,193.34 A is entirely discordant, 
and clearly does not arise from the assigned combination. 


TABLE 4,—The first spark spectrum of lanthanum (La 11) 



































Zeen ots 
Inten- | Temper- eins nant apna 
AsirI. A.| sity ature | »,.,cm-} = ek 1DI- | _—_ 
spark | class Te ‘ ‘ 
Observed Computed 
10, 954. 6 3 9, 126. 09 alGy—z1Gi 
10, 186. 5 2 9, 814. 2 yDi—eF; 
10, 093. 54 1 9, 904. 62 yP3—eD3 
9, 893. 82 4 10, 104. 55 y'Pi—e!D2 
9, 672. 94 3 | 335. 29 2rFj—e3G, 
9, 657. 00 20 «| 352. 35 aiay—23H4 
9, 563. 60 4 | 453. 45 2Fi—e3Gs 
9,346.69] 15 | 696. 04 ziHi—elG, 
9, 260. 42 ai 4 795. 69 zi F3—e! Fs; 
9, 146. 75 a) | 929, 85 ziF3—e3Q3 
G, 127.5 1 952.9 2Fij—eF, 
9, 101. 10 2 | 984. 67 a3 P,—ysF3 
9, 096. 71 3 | 10, 989. 97 y'Di—esGy 
9, 016. 80 ie | 11, 087.37 y’Di—-e8Ds 
8, 810. 57 Bi 346. 89 MDe—2Di 
8, 781. 98 2 383. 83 xFj—e*De 
8, 650. 82 2 556. 43 aD y—2°F3 | 
8, 514. 65 3 | 741. 24 aiGy—yFi | 
8, 484. 01 2 | | 11, 783. 65} aDs—z*F3 | 
8, 323. 35 ‘va | 12, 011. 10 b'D2—2°D3 
8,159.05 | 10? | | 252.96 | a*D.—2F3 
Spark. | | 
8, 059. 5 3h | | 404.3 a’Fy—23F} 
7, 927. 83 4 | 610.33} 6'D2—zP} 
7, 891. 69 i] | 668.08!  a’P2—zID3 
79. 93 4 | |} 686. 9% | y'Fi—e! Fs 
7, 838. 83 Li | 753.50] a'De—zF3 | 
7, 740. 54 2h | | 12,915.45 | 2Dj—e8Gs | 
7,612.94) 3 | | 13,131.92} a*F;—25F3 | 
7, 489. 4 = 348.98 |  a’D3—z'G, 
7, 483. 48 | | IVE | 359.10 | @F;—25F} | (0.00) 1.12 (0.00) 1.09 
7,340.08; 2 | 620.08] 23F}—e!D: 
, 297.99 | 2 | 698. 63 y'Fi—e D2 
82. 36 150 ILE | 728.08 aiFy—z3Fj | (0.00 w) 1.26 (0.00) 1.26 
66. 13 | | 758.70) y'!Di-e'Da 
213.95| 2 | 13,858.22 | alGy—z3G3 


23 See footnote 2, p. 625, 24 See footnote 3, p. 6255 
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TaBLE 4.—The first spark spectrum of lanthanum (La 11)—Continued 


| Inten- 
sity 
spark 





| 'Temper- 
ature 
class 





Term combi- 
nations 


F3—2'D2 
asSo—z'Dj 
y'D3—eD1 
2G;—eGs3 
ae Fe—z3F 3 


aDi—eFs 
blve—y1D3 
a3 Fy—23F3 
ap2—2'F3 
y°Di—e'De 


a31)3—25 HG 
@D2—y FS 
a3 Fy—z2!G4 
2D3 —eiGy 
2D3 —e!F3 


ask; —2°F4 
y'F3—e1Gy 
a’ F3 —21F3 
aiG4—23G3 
2D3—e'F3 


y'F3—-eDs 
2G3—e8G, 
22P3—eD2 
a31)3—yi F3 
22G3—a5G3 
alG4y—z2!D3 
2Di—e'F3 
a@P2—z'Di 
23D3—e3 Fy 
aso—z3Pi 


aD;- 


23G5 


aP,—2Dj 
a3 F,—2'F3 


bD:—2°F3 
riP}—i!Ds» 
a3 P;- -23] 3 
2D}—e'D1 


2Gi—e Fy 





Zeeman effects 





Observed 


(0.00) 0.70 


(0. 00) 0.81 
(0. 21) 0.96 


(0.00) 1.10 


(1.05) ? 
(0.00) 0.98 
(1.04) 1.29 B 


(0.00 h) 1.56 bh 
(0. 00) 1.10 
(0.00 w) 1.10 
(0. 00) 0.99 


(0.69) 1.12 B 
(0. 00) 1.38 
(0.63) 1.17 
(0. 33) 0, 82 


(0.00, 0.22) 0.94 A? 


(0. 00) 0. 81 
(0.00 w) 1.43 A? 


| (0.00 w) 0.76 Al 


(0. 00) 1,04 
(0. 00) 1, 03 
(0.00 w) 1. 67 A? 


} (0. 99) 0.49, 1. 5% 


| (0.44) 0.87 B 


(0. 95) 0. 49, 1. 4: 
(0. 27) 1.10 B 


| (0.00) 0. 51 


lo 


| 
| 


. 00 w) 1.20 A? 


(0. 00) 1. 04 
(0.00 w) 1.10 / 
(0.17) 1.14h 
(0. 00 w) 1.02 A! 


(0. 00) 0. 63 


( ). 00 w) 1.69 A? 


(0. 00 w) 0. 99 / 


| (0.34) 0.92 B 


(0, 00, 0. 34) 0. 84, 1. 16 
(0, 00, 0. 74) 1. 20, 1, 90 
(0. 21) 1.12 


| 
| 
| 
+ 
| 





(0. 00) 


Computed 


(0.00) 0.70 


(0.00) 0.82 
(0.21) 0.96 


(0.00) 1.11 


(0.87) 1.13 
(0.00) 0.89 
(0.94) 1.14 


(0. 00) 1.51 
(0.00) 1.10 


| (0.12) 1.07 
| (0.00) 0.94 


| (0.70) 1.1 


7 
(0.00) 1.32 
(0.64) 1.21 


| (0.25) 0.82 


(0.00, 0. 24) 0.52, 0. 76, 
0,99 
(0. 00) 0. 82 

(0.00) 1.45 A? 


| (0.00) 0.74 A! 


| (0.00) 1.06 


(0. 00) 1.04 


| (0.00) 1.75 A? 


(0. 96) 0. 54, 1. 51 


. 41) 0.87 
. 96) 0. 50, 1. 46 
. 29) 1.10 
. 00) 0. 50 


.23 A? 
(0. 00) 1. 02 
(0. 00) 0.96 Al 


| (0.15) 1,14 
| (0.00) 0.99 Al 


| (0.00) 0.55 
(0. 00, 0.32, 0.63) 1.69 | 
A2 


(0.00, 0.34, 0.67) 1.76 
A2 
(0.00) 1.76 A? 


| (0.00) 0.98 A! 
(0.32) 0. 93 


(0,00, 0.32) 0.86,1.19, 
1. 51 

(0,00, 0.69) 0.50,1.19, 

(0. 27) 1.10 
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TaBLE 4.—The first spark spectrum of lanthanum (La 11)—Continued 
| | Zeeman effect 
| Inten- | Temper-| Sid aie. yeeman etlects 
AsirI. A.| sity | ature naticnn cee aac ——_——— : hele 
spark | class Observed Computed 
6 a!P;—z3Pj | (0.00) 1.49 (0. 00) 1. 50 
2 5,2 
2 5,1 
2 2'D3—e5Qs 
4 2Di—elGy 
20 23G3—e8Gs5 | (0.00) 1.20 (0. 00) 1. 20 
8 b'Ds—z°F3 | (0.00) 1.18 (0.00) 1.15 
3 2G3—e°G, 
4 2Di—eD; 
20 2G3—elF; | (0.52) 0.86h (0. 46) 0. 86 
20 a'D,—y*F3 | (0.00) 1. 21 (0. 00) 1.19 
30 z’Di—eDs | (0.00) 1.30 (0.03) 1.31 
4 2De—e* Fs 
40 23G§—elG, | (0.00 w) 1.60 A? (0.00) 1.78 A? 
4 a’P;—z3Po | (0.00) 1.54 (0.00) 1.51 
1 a’ P;—2Pi 
50 a'D:—z!D$ | (0.00, 0.42) 0.54, 0.96,| (0.00, 0.41) 0.52, 0.93, 5, 
1, 38 1,34 5, ( 
6 a’P2—z3P3 | (0.00) 1.49 (0.05) 1.48 
80 a'Gy—y'Fi | (0.00) 0.96 (0.00) 0.96 
20 zDi—e'D; | (0.00) 0.54 (0.05) 0.52 
2 152. 51 aD;—25G3 
8 211. 00 2P3—elD2 
60 211. 95 a’Fz—yF3 | (0.00) 0.75 (0.05) 0.74 
s 217. 14 y3Fi—eGy 
120 219. 48 a’F;—y3F} | (0.00) 1.09 (0.00) 1.09 
150 243. 84 a®Fy—yFi_ | (0.00) 1.24 (0.05) 1.25 
3 293.20; b'!D2—ysD3 
4 296. 52 2°D3—eD3 | (0.00) 1.38 h (0.00) 1.43 5, 
60 329.05}  6'D2—z!P7 | (0.00) 1.09 (0.00) 1.08 4, 
2 387. 73 23Gi—eF, 
20 455. 43 a!Po—zP} | (0.00) 1.45 (0.00) 1.46 
20 500.96 |  a!D2—z!'D$ | (0.00) 0.98 (0.10) 0.96 
20 528. 80 a’P;—z3P, | (0.00) 1.48 (0.00) 1.44 
627. 03 z'Hi—eGs | (0.00) 0.79 (0.00) 0.85 
687. 23Gj--e8Gs 
818. 2Gj—eD3 
879, aF;—2z'D§ 
958. y®Fi—e8G, | (0.37) 1.24 (0.32) 1. 20 
020. (0.00) 1.13 
059. b'D2—yP{_ | (0.00 w) 0.80 A! (0.00) 0.77 A! 
071. 2Gi—eDs; | (0.00 w) 0.61h (0. 00) 0. 69 
198. aiF3—yiFjU | (0.00 w) 1.57 A? (0.00) 1.70 A? 
220. b'D2—y*Di 
235. 57 a? F,—y3F§ | (0.00 w) 1.89 A? (0. 00) 1.81 A? 
y°F3—e8Gs; | (0.00) 1.03h (0. 00) 0. 99 
295. a3P;—y!F3 | (0.00, 0. 49, 0.97) 0.00d,| (0,00, 0.46, 0.91) 0.12, 4, 
0. 49, 0.97 0. 57, 1.08 4, 
z'D3—elF; | (0.00) 1.00 (0. 00) 0. 98 
351. 65 2D3—e!Dz | (0.22) 1.14 (0. 25) 1.12 
432. 08 a Fy—25G3 
y°F3—e8F, | (0.00) 0.74 (0. 00) 0, 72 
. 10 2Fi—esF, 
a'So—y*Dt | (0.00) 0.77 
2. 30 zHi—e?G, | (0.00 w) 0.82 A! 
. 09 y°F3—e®Fs | (0.00) 1.07 
. 50 a3P;—y'Do 
.10} a%Ds—zDj | (0,00, 0.61) 0.57, 1.17, | (0.00, 0.59) 0.55, 1.14, 
1,78 1,73 
853. 37 z1Gi—eGs | (0.00) 1.16 (0. 00) 1.18 
855.68 |  a®Ds—z*D} | (0.00 w) 1.50w (0.00) 1.49 
895. 38 aF,—z'D§ | (0.34) 0.82 B (0.36) 0.83 
, 937. 33 y*Fs—eG4 | (0.00) 1.20 (0.00) 1.23 ‘ 
008. 37 aD:—z2'G3 | (0.00 w) 0.46 A! (0.00) 0.35 A! 4, 
015.96 | zDi—e!Das 
129. 05 2Hi—eF; | (0.00 w) 0.32 w (0.00) 0.28 A! 
142.68| es—li (0.00) 1.15 
146, 93 
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TaBLE 4.—The first spark spectrum of lanthanum (La 11)—Continued 


96. 82 


95. 17 
91, 27 
86. 82 


74, 20 
70. 39 


56. 04 
52. 06 
46. 47 


35. 61 
34, 83 


21.80 
20. 98 
11. 34 
4, 904. 43 
4, 899. 92 


91. 43 
80. 20 
74.99 
60. 90 
59. 18 


50. 58 | 


43. 29 
40. 02 
30. 51 
26. 87 


24. 05 





Temper 
ature 
class 


Term combi- 
nations 


Zeeman effects 





Observed | 


Computed 











& 


< <<< < 
leo }ic| 


<<<<5 
BESS & 





723. 70 
788. 55 
810. 02 
841. 99 
851. 20 





2?H§—e Fy 


23Hi—eGs 
@D3—23Dj 


ziF§3—f'Da 
2'1D3—e3D, 
z3H,—e3G, 
aky—23Qj 
ady—zFj 


2Hi-—elFs 
a? F3—z23G3 
b'Da—y PS 
aD2—2D} 
@D,;—2Dj 


yF3—eFy 
ee Fy—13 


21F3S—esG3 


e8G5—24 
yFi—eiF; 
aP3—y'Di 


23Fi—esG3 


yFi-3'Gs 
z'iFi—/'F; 
yFi-—eD. 
a@D3—2P3 
yFi—elG, 


21Fj—e3F2 
a@So—z' Pj 
aD3—-2Dj 


2P3—elP, 
a'D3—25P} 


vFi-eDs; 
@D\—2D3 


a@P\—yiDj 
b'Da—y' Pi 


aa Fy—2G5 
asF3—2Gj 
ziGi—eiF; 
xPi—gDi 
a? Fy—28G3 


2Hs—eGs 
z?P3—giDs; 
21 D2—e3 D3 
a Fy—23 D3 
21Gi—eG, 
28Pi—z3D, 
a’ P2—2 Fj 
ziGy—elFs3 


at D2—2'P3 
a3 P\—z°F} 
aipD2—2*D$ 
a’ Po—y' Di 
a3 D;—23P§ 


a31D;—2z3Pi 
a'Gy—ysD§ 





(0.74) 1.18 B 
(0.00) 0.66 


(0.00) 1.16 
(0.00) 0.54 


(0. 00) 1.19 

(0.00 w) 1.33 A? 

(0.38) 0.98 w 

(0.00) 1.10 h 

(0.00, 0.66) 0.90, 1.56, 
2, 22 


(0.00) 1.16 


(0.00) 1.09 
(0.00 w) 1.28 A? 


(0.00) 0.85 
(0,00, 0.43) 0.57, 1.00, 
1, 43 


(0.00, 0.29) 0,83, 1.12 
us 


(0.00) 1.17. 
(0.00, 0.67) 1.15, 1,82 
(0.00) 0.97 
(0.00) 1.11 
(0.00) 1.00 


(0.00) 0.80 


(0.00) 1.19 


(0.00) 1.03 


(0.67) 1.30 ? 
(0.00) 0.76 R 


(0.33) 1.08 R 
(0.00) 0.79 


(0.00) 0.51 
(0.95) 0.49, 1.43 





(0.00) 0.85 A! 


(0.00) 1.09 
(0.05) 1.33 


(0.00) 0.99 
(0.30) 1.02 


(0.66) 1.16 
(0.00) 0.73 


(0.08) 1.16 
(0.03) 0.53 


(0.00) 1.37 2 
(0.45) 0.96 


(0,00, 0.69) 0.80, 1.49, 
2. 18 


(0.00) 1.12 


(0.00) 1.08 
(0.00) 1.08 A! 


(0.00) 0.88 
(0,00, 0.44) 0.55, 0.99, 
1, 43 


(0.00, 0.32) 0,82, 1.14, 
1.46 


(0.00) 1.15 
(0,00, 0.67) 0.52, 1.19, 


(0.00) 0.99 
(0.00) 1.09 
(0.00) 0.92 


(0.00) 0.82 


(0.00) 1.17 


(0.00) 1.06 


(0.58) 1.30 

(0.00, 0.67) 0.17, 0.84 
1.51 

(0.36) 1.09 

(0.00) 0.80 


(0.00) 0.52 
(0.94) 0.52, 1.46 
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TaBLE 4.—The first spark spectrum of lanthanum (La 11)—Continued 
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2Fi—e Fs 


atD3—y' F3 
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yFi—e?D; 
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aDi—8P3 
e'D2—33,2 

ziF3—e3Gy 
2F}—eF, 


21F3—el F3 


aF2—2Dj 
23FY 34 


23Fi—e!F; 
aF3—z3D} 


ebF3—2j 
21D3—e! De 
ysDi—'D2 


23Fi—e3 Fs 
a Py—y? D3 


aP;—z2'Pj 
eas—4j 

y>P3—f?Ds 
y°Pi—f*D2 


eF3;—2j 
atP;—y3P§ 
a! De—2P3 


aDe—y'Ds 
eQ;—l} 
a’P,—y'Pj 
aDe—yl F§ 
ziFj—e Fy 
y?P3—f'1D2 
6'D2—a3Pj 
a?P2—y*D3 
2Fi—eF, 


b'D:—z!F3 | 


aF2—2D3 f 


a’ Po—2' Pi 





Observed 


Computed 





(0.00) 1.00 
(0.52 w) 0.95]B 
(0.00 w) 0.97.A,1 


(0,00, 0.32) 1.31, 1.61, 
1,91 
(0.65) 0.95 us 


(0.00) 1.06 

(0.50) 1.2 

(0.00, 0.60) 0.92, 1.52, 
2.12 


(0.00, 0.47, 0.92) 1.83, 
6R 


(0.00 w) 1.70 A? 
(0.00 w) 1.21 A? 
(0.00, 0.46) 0.46 us 
(0.00) 0.96 


(0.00 w) 1.29h 

(0,00, 0.34, 0.68) 0.77, 
1.12 1.47, 1.81 us 

(0.20) 0.99 


(0.00 w) 0.89 A? 
(0.43) 1.20 B 


(0,00, 0. a. * ied 1.98 A? 

(0.60) 1 

(0.21) 1.00 

(0.00) 1.43 

(0.00) 0.70 

(0.00, 0.33) 0.83, 1.16, 
1.49 

(0.63) 0.89, 1.52 


(0.00)1.51 

(0.49, 0.98) 0.49, 0, 98, 
1, 46, 1.94 

(0.43) 1.00 R 

(0. 00, 0. 18) 1.62 


(0.00 w) 0.88 A! 
(0. 00) 1. 27 


(0.00 w) 1.01 A! 
(0. 46) 1.19 B 


(0. 00) 1.02 


(0. 00) 0. 90 








(0.00) 0.99 
(0.55) 0.98 " 
(0.00) 0.90 A 1 


0.00, 0.33, 0.66) — 
1.32, 1.65, 1.99 

(0.30, 0.59) 0.89, 
1, 49, 1.78 


(0.00) 1.05 
(0.48) 1.07 
(0.00, 0.61) 0.88, 
2.09 
(0, 00, 0.44, 0.88) —,-,-, 
1.78, 2, 22 
(0.00) 1.85 A? 
(0.00) 1.26 A? 
(0. 00, 0.47) 0.51, 0.% 4 


(0. 00) 0.89 


(0.00) 1.30 

(0.00, 0.36, 0.71) -, -, 
0.73, 1.09, 1.44, 1,80 

(0.24) 0.99 


(0.00) 0.91 A? 
(0.37) 1.20 


(0. 00, 0.30, 0.61) 2.17 A’, 
(0.58) 1.20 
(0.21) 0.99 
(0.00) 1.48 ‘ 
(0.10) 0.70 4, 
(0.00, 0.32) 0,88, 

1.51 
(0.62) 0.88, 1.51 


(0.00) 1. 

(0.48, a 95) 0.51, 
1, 46, 1.94 

(0.44) "02 


(0.00, 0.23) 1.26, 1.4 
1.71 


(0.00) 0.82 A! 
(0. QO) 1. 28 


(0. 00) 0.96 A! 
(0. 39) 1. 20 


(0.00) 1. 00 ‘ 


(0. 00)°0. 88 


Russell 
Meggers 


TABLE 4.—The first spark spectrum of lanthanum (La 11)- 


ln 


ature 
spark | “lass 


3 hl 
10 hl 
10 
2 
ih 


25 hil | 
10 


3 
50 
20 hl 


to 
ont 
See 
opp 


Ss — 
S Sx 








Temper- 








| 
ein~! | 
ac 


663. 
705. 3: 


806. 


834. 
904. 
913. ¢ 
949. 
22, 958. 
23, 046. 
061. 


068. 19 
128. 22 


163. 6 





Term combi- 


nations 


ysP3—f? Dy 
z Pi—esi 
w3F3—el D2 
a3 F3—23P3 
e1G4—6i,3 


21Pi—fsD, 
D3—/*D, 


21Gi—eGs 
asP,—yi Pj 
yD3—f2D» 


aF3—23)D§ 


as Fy—y! F3 
aD \—y! D3 


2Fi—e3 F3 
z1Gj—e'G, 


xPi—e!So 
e'F 3—33,2 

2Fi—fiDs 
a3Fy—z3 Pj 
23F3s—e3Gy 
2F3—eiF; 
2Fj—elFs 
a3 Po—y3 Pj 
yDi—f?D; 
y'Pi—e'P; 
@So—y' Pi 
BF3—f3D2 
2Fj—e!l Fs 


ap.—y! D3 
aDe—y' F3 


atD3—2z F3 


e3 Fy—5j,3 

as F2—25 Pj 
aP2—y3P3 
2Fj—e'Gs 
@Dr—yDi 


21F3j—eo Fy 
z1F3—elGy 
rF}—fsD2 


a3F3—y! F3 
z3Fi—elG, 


yPt 
eGy—4j 
a@D3—z3F3 


2iF3—eDs; 
2iFi—e'Ds 
yDi-D; 
aP\—y' Pj 
aDy—2*F3 
r'F3—1G4 


[y8Di—/*Ds) 
2!Fj—e'D; 


| ( 





An Analysis of Lanthanum Spectra 


639 


Continued 


Zeeman effects 


Observed 


(0. 00) 1. 47 
(0. 00) 1.14 


(0. 40) , 0. 87 
0 


0. 
. 00, 0. 66) 
1,83 


(0. 24) 1.41 


(0.00) 1.18h 
(0, 00, 0.60, 1.19) 1. 28, 


1, 86, 2,44 


my 00, 0.40) 0. 51, 0.91, 
31 


} (oe w) 1.06 
| (0.28) 1.04 


(0.00 h) 1.13 h 
(0.00) 1.24 


(0, 00, 0.40, 0.80) 0.28, 
0.68, 1.08, 1.48, 1, 88 

(0.30 w) 0.95 

(0.00) 1.28 

(0.00 h) 1.32 h 


(0.00) 1.08 

(0.00) 1.08 h 

(0.00, 0.29, 0.57) 0.69, 
0.97, 1.26, 1.54 

(0.17) 0.94 

(0.00) 1.10 


(0.00, 0.50, 1.00) 0.86, 


1.36, 1.86, 2.36 
(0. 00 x | 1.24h 


(0.60) 1.48 

(0.00) 1.08 

(0.00, 0.35) 0.82, 1.17, 
1,52 

(0. 00) 1.20 


| (0.00) 1.12 


(0. 74) 0. 50, 0. 76, 1.02, 
1,27, 1. 53, 1. 76 


(0. 74) 0. 56, 0.82, 1.08, 
1,34, 1.60, 1.86 


(0. 80) 0. 65, 0.85, 1. 06, 
1,26, 1.47, 1.67 ur 

(0.00) 1. 22 

(0.00 h) 1.02 h 

(0.27) 0.68 h 

(0.00) 1.48 


(0. 32, 0,64) 0. 51, 0, 82, 
1,13, 1.44 
(0.00 h) 1.06 h 


(0. 25) 0.64 
(0.00) 1.06 


0. 50, 1.17, 





Computed 


(0. 00) 1. 47 


(0. 00) 1.13 


(0. 36) 0. 52, 0. 88 
(0, 00, 0.67) 0,52, 1.19, 
1, 86 


| (0. 24) 1.38 
‘ 


(0.09) 1.1 


(0, 00, 0. 59, 1.17) —, —, 
1, 32, 1. 90, 2, 49 
a 00, 0.38) 0.52, 0.90, 
1,27 
(0. 07) 1.07 
(0.21) 1.03 


(0.00) 1.12 
(0.00) 1.24 


(0.00, 0.38, 0.77) 0.29, 
0.68, 1.06, 1.45, 1.83 

(0.34) 1.02 

(0.00) 1.26 

(0.03) 1.32 


(0.00) 1.07 

(0.00) 1.02 

(0.00, 0.28, 0.55) —0.68, 
0.95, 1.23, 1.51 

(0.16) 0.94 

(0.00) 1.08 


(0.00, 0.50, 1.00) —0.84, 
1,34, 1.84, 2,34 


(0.73, 5 Aare 0, 73, 
1, 46, 


(0.02) 1. re 
(0.00) 1.09 


(0.00, 0.34) 0.80, 1.14, 
1, 48 


(0.00) 1.22 
(0.00) 1.08 


—,—,0. 
0. 5,1. 
i 


59, 0.79) 0. 50, 
00, 1,25, 1. 50, 


(—, 0.51, 0, 77) 0. 57,0. 83, 
1,08, 1.34, 1.59, 1.85 


(—, 0.52, 0.78) 0.53, 0.79, 
1,05, 1.31, 1. 56, 1.82 
(0.00) 1.19 


(0. 28) 0. 66 
(0.00) 1.49 


(0.30, 0.61) 0, 53, 0,84, 
1,14, 1.44 
(0.00) 1.06 

(0.00) 1.47 (?) 

(0.00) 1.07 
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TABLE 4.—The first spark spectrum of lanthanum (La 1)—Continued 


| Inten- 
Asir I. A.| sity 


Temper- 


1 
| 
| 
| ature 


Term combi- 
nations 


Observed 





23, 911.18 yDi-/*D: 
e3F3—5i,3 
2F3—e?D, 


a’D,—y' Dj 


ziPi—f'D2 
a3P,—y' Pj 
@Ds—yD3 
e&Gs—3}, 2 


y°P3—93Ds 
@eDs—7i, 3 
aD2—2z Fj 
z3Fi—f'Gs3 
e' F3—6j, 3 


e'Gi—7i, 3 
23F3—e? Di; 
BF3}—fiD3 
aaFe—y!D} 
@D,—z°F3 


aF2—y'F3 


aD2—yDi 
aP;—y' Pj 
2iF§—e! De 
al GQy—t'F} 


alSo—z° Pi 
@D2—y D3 
a3D2—z!Pj 
yiFi—elG, 
yePi—e’s, 


a'Do—z? FS 
2F3—e®Ds 
aD3—y'D3 
ziF3—/'D2 


2Fi—g'Ds 


= 
Sone 
— 


23F3—e?D; 


y'Di—f*Di 


re 


z3Fi—/'F3 
@D3—zr° Fj 
yD3—g'D2 


y?Di—g'Ds 
asF3—z'Fj 


for) 
w S co no oo me nr 


gr 
— 


_ 
oO 
_ 


y'Di-f*Ds 


a'D2—23F3 
y*Di—f*03 


@D,—y*D3 





a D;—2' Pj 


aD2—y®Pi 
aD;—y3P3 
y'Pi—ePs 
y'P3—g'Da 
a’D2—y Dj 











(0.00 h) 1.02 

(0. 43, 0,84) 0. 27, 0. 67, 
. 08, 1.48 

(0. 29) 0. 50, 0,77 


(0.00 w) 1.50 w 
(0.00) 0.97 


(0.00 h) 0.83 h 
(0.00 h) 1.13 h 
(0.00) 1.05 


(0.00 h) 1.09 h 


(0.00) 0.77 
(0.32) 0.79 w 


(0.00, 0.31, 0.62) 
1.08, 1.38, 1.69 

(0.00 w) 1.14 A? 

(0.45) 1.06, 1.47 us 

(0.00) 1.02 

(0.00) 0.99 


(0.00) 1.54 


(0.00) 1.07 


(0.00 w) 1.01 h 
(0.30) 0.90 w 
(0.57 h) 1.25 h 
(0.00) 1.32 
(0.38) 0.98 h. us 


(0.00) 1.26 


(0.00 w) 0.82 h 
(0.00) 1.10 h 


(0.00 h) 1.29 h 

(0.00) 1.15 

(0.00) 1.06 

(0.00) 1.13 w 

(0.00) 1.18 h 

4(0.21) 1.27h 

“0. 00, 0.25, 0.48), 0.86, 
i. 10, 1,34, 1, 58, 


(0.44) 1.06 B 
(0.00) 0.92 


(0.00) 1.20 


(0.00 h) 0.72 h 
(0. 00, 0.66) 0, 52, 1. 18, 


1, 84 
(0. 38) 0,51, 0. 88 
(0.00) 1.04 
(0.00 h) 1.4h 
| (0.00 w) 1.62 A ? 





(0.00, 0.32) 0.57, 0.89, 
1.20 


0.79, 





Zeeman effects 


Computed 


(0. 42, 0, ie 0. 25, 0, 
1, 10, ; 
(0. 28) one, 0. 80 


(0.00) 1.48 


(0.00) 0.92 
(0.00) 1.02 


(0.00) 0.77 


(0.30) 0.81 


(0.00, 0.32) 0.52, 0.8 
1.15 


(0.00, 0.30, 0.60) —, 0.7 
1.03, 1.33, 1.64 
(0.00) 1.17 A? 

(0.44) 1.07, 1.51 
(0.00) 1.05 


(0.27) 0.91 
(0.56) 1.20 
(0.06) 1.32 
(0.33) 0.93 


(0.00) 1.30 


(0.00) 1.27 


(0.00) 1.11 


(0.04) 1.18 
(0.26) 1.26 

| (0.00, 0.26, 0. 
0.84, 1.09, 1. 


(0.44) 1.02 


51) 


i} =, 
35, 1. 60 


(0.00) 1.18 


| (0.00, 0.67) 0.52, 1.19 
1.86 


(0.36) 0, 52, 0.88 
(0.00) 1.08 
(0.00) 1.30 
(0.00) 1. 66A? 
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| Inten- 
| sity 
spark 


4 
200 
3h 
1001 
9 


2 
30 
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Temper- 
ature 
class 





y ae | 
Veac CM 


732. 
§21. 
843. 


16 
56 


869. 3: 


878. 


897. 
933. 


973. ; 
5, 993. 6 
3, 029. 4: 


058. 
067. 
189. 
196. 
211. 


247. 


259. ¢ 


275. 
301. 
320. 


344 
371. 
413. 
426. 


442. 8é 


443. 


| 
| 








Term combi- 


nations 


yP3—eP; 
aeF3—2x3Fj 


rFi-fiGs 
2'Pi—elP 


F3—g3D2 
a3P2—z73 Pj 
aF,—yDj 
aDe—y D3 
a! D2—2' Pi 


z'F3—g3 F'4 
ai P\;—2P5 
eD2—8§ 
¥YDi-—gDi 
y®Pi—e3S: 


aD3—y3 PS 
a D,—y3 Pi 
reFi—fiF3 
y33—g' D3 
z3Fi—g'D2 


a3 Fy—y? D3 
a3 F3—y? D3 
a3 Fo—z3 FS 
1.—72.1 
eG 4—74,3 
a3 P\—r*Pj 


PF3—f3G3 
rF3—f'G, 
yD3—fFe 
y?P3—e§P2 
ri j—etHy, 


aa y—z3 FF 
2P3—/3D2 


2Fi—feF 4 


aDeo—y Pi 
yDi—fsDs 
yDi—esH, 
y3Pi—e Po 
aFo—x3F3 


y?D3 -9' De 
x3Fi—e!lP; 
a3 D2—y3P3 


as Po—2z Pi 
aDe—ydD§ 


ziPi—es; 
a P2—73 P3 
yiDi—fiFs 
F3—f*F 2 


y'D3—f'D2 
y>Pi 
23Pi 


23F3—g'Ds? 
a’ F3 —y3 D3 
ziFi—g'Qy 
ysDi—e'P; 
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Continued 


Zeeman effects 


Observed 


(0.00) 1.08 
(0.00 h) 1.10h 


(0.00) 1. 50 
(0. 00) 0. 69 
(0. 36) 1.11 B 
(0.00) 1.04 


(0.00) 1.49. 
(0.00) 0.82 h. 
(0.00 h) 0.68. 


(0.00 w) 1.18 h 


(0.00) 1.16 
(0.00) 1.00. 
(0.17) 0.79. 


(0.00) 1.54. 


} 
| (0.00 h) 0.92 h. 


(0.00) 1.00 h. 


(0.47) 1.24 B. 


(0.00) 1.25. 
(0.00 w) 0.90 h. 
(0.37) 1.20 B. 


(0.00 w) 0.90 d 


(0.00, 038, 0.75) 0.79, 
1.16, 1.53, 1.90 


(0.40, 0,72) 0.80, 1,13, 

1, 46, 1.75 

(0.00) 1.50 

(0.00, 0.34, 0.68) 1.00, 
1.35, 1.69, 2,03 


(0.00) 1.51 
(0.00 w) 0.73 A! 


(0.36) 0.88 h 


(0.30) 1.06 


(0.00 d) 1.92 d 


(0. 66) 1.16 B 
(0.00) 1.0 








—y—- —- 


Com puted 


(0.00) 1.09 
(0.00) 1.11 


(0.00) 1.48 
(0. 00) 0.70 
(0.37) 1.09 
(0.00) 1.04 
(0.00) 1.51. 


(0.13) 0.73. 


(0.00) 1.18 


(0.00) 1.18. 
(0.00) 0.99. 
(0.19) 0.78. 
(0.01) 1.51. 


(0.00) 0.94. 
(0.00) 1.00. 


(0.50) 1.36 


(0.04) 1. 


(0.29) 1.20. 


| (0.00) 0.85 


(0.00, 0.35, 0.70) —, 0.73, 
1.08, 1.43, 1.78 


(0.36, 0.71) 0.78, 1.14, 
1,50, 1.85 


| (0.00) 1.52 


(0.00, 0.32, 0.65) —, 0.99, 
1.31, 1.64, 1.96 


(0.02) 1.48 
(0.00) 0.70 A! 


| (0.22) 0.96 


(0, 00, 0,37,—)—,—,1. 51, 
1. 96. 
(0. 57) 1.20 


| (0.00) 1.17 





09. 22 

08. 

06. 42 
3, 601. 
3, 598. 


96. 6! 
93. 29 
92. 43 
90. 

85. 5: 


3, 507. 9 


3, 493 


84. < 
74, 
66. 


62. 3: 
60. ¢ 
53. 


TABLE 
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| 

| Tem per-| 
ature 
class 


Inten- 
sity Pee, mt 
spark 


1h 
80 


200 


369. 84 
388. 06 


| 
| 
a 
| 


423. 82 
452. 21 
456. 43 


470. 39 
486. 25 
540. 46 
549. 27 





602. 97 | 


615. 24 
§27. 15 
675. 02 
684. 60 
691. 


898. 95 
706. 9% 
720. 
761. 6 
778. 


795. 
821.7 
828. 
842. 
881. 9£ 


911.92 
924. 
933. 6 
, 951. 
002. ¢ 


103. 5: 
154. 
269. 
291. 
315. 


346. 4§ 
395. 
442. 4! 
458. 
481. 


498. 
612. £ 








9. 36 
609. 49 








61 


| Term combi- 
nations 


ziPi—e!So 
aF3—y*D3 


a3 F2—z2! Pj 
yDi—fFs 
21Hj—e?Hs 


riFi—f'G, 
aP;—z'P3 
2iPi—ePo 
at F3—r FY 
@aD,—y P32 


y' F3—'Fs 
2D3-f*D; 
y'D3—/'Fs 
yP5—e Pi 





z'F3—h'Da 
y' Di-—g'Di 
yDi—fiGs 
a3Do—y! Pi 
2D3—f2Do 


y®D3—g'D2 


yDi—eP; 
yPi—eP2 


yDi-ftFs 
2P3—f3P; 
rPi—f*Po 
r3F3—e88; 
2Fi—f*Fs 


aD2s—y®P3 
a3 F2—y3Pi 
aFj—ey, 
2Di-f*Di 
@F,—y'D§ 


zF3—g'De 
y'D3—f8G3 
2Di-fD2 
a@Dp,—y'Pi 
a’ F3—y®P3 


21Pi—e*P2 
203—f*Ds 
rF3—g' D2 
y'Di—e'P; 


2P3—j'F3 
a’ D3—21 Fj 


aDeo—y'Pi 
2Pi-—f*P, 


2D3-"Ds 
yi Fi—gDs 
rF3—f1Gy 
y= Di—¢' D2 
y'Di—g3Ds3 


OPifP; 
rPi—ftPy 
2DI—1D2 
y'DI-PFs 
2aPi—g*Di 


2Pi—g'*Di 
2P3—g' D2 
aD2—2'Pj 





a? Dy—z' Fj 





[ Vols 


The first spark spectrum of lanthanum (La 11)—Continued 


Zeeinan effects 


Observed 


(0. 48, 0, 91) 0. 29, 0, 73, 
8, 1.62 

(0. 00) 0. 66 

(0.00) 1.21 


| (0.00) 1. 01 


(0.00) 1. 51 
(0.00 w) 1.68 A? 


(0.00) 1.11 
(0.00) 1.57 h 
(0. 00) 1. 02 


| (0.00) 1.00 


(0.00w) 1.08 A? 


(0.00) 1.18 
(0.00) 1.15 


(0.00) 1.22 


(0.00) 1.25 
(0.00) 0.74 
(0.00) 1.52 
(0.00) 1.44 


(0.00) 1.08 


(0.00) 0.88 
(0.53) 0, 53, 1.10 


(0.00) 1.33 


(0.93) 0.37, 0.68, 1.00, 
.31, 1.63, 1.94 


(0.00) 0.95 


oop Lee 
00) 1.50 


(0.24) 0.85 


(0.00, 0.37) 0.75, 1.11, 


1, 47 
(0.00) 0.88 





Computed 


(0.46, 0,92) 0.27, 0,1, 
.19, 1.6: 


(0. 00) 0. 65 
(0. 00) 1. 

(0.00) 1. 02 
(0.00) 1. 46 


(0.00) 1.71 A? 


(0. 00) 1. 10 
(0.00) 1. 57 
(0. 00) 1. 03 


(0.00) 1.01 
(0.00) 1.12 A? 


(0.00) 1.17 
(0.08) 1.16 


(0.20) 1,14 


(0.00) 1.20 
£0.00) 0.76 
(0.00) 1.48 
(0.00) 1.52 


(0.15) 1.11 


(0.00) 0.88 
(0, 55) 0.52, 1.07 


(0.04) 1.32 


-,- 
1,01 


, 0.99) 0.34, 0.68 
te 34, 
(0.00) 0.95 


1.67, 2 2.00 


(0.05) 1.46 
(0.00) 1.47 


(0.23) 0.83 


(0,00, 0.38) 0,76, 1.1! 
1. 52 
(0.00) 0.87 





34, 0.68 


67, 2.0 
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TaBLE 4.—The first spark spectrum of lanthanum (La 11)—Continued 


74, 89 
51.89 


44. 56 
37. 49 
29. 07 
26. 21 


25, 33 


. 62 











Inten- 
sity 
spark 


— 
i= 


w 
orbs © oQonnay 


or 
ro 
= 


Qo 
ao 
rope > 


nom oro me OO Oe 


1 
2 
4? 
5 hl 


6h | 





Temper- 
ature 
class 








Term combi- 
nations 


Zeeman effects 








32, 117. 

160. 
201. 
303. 


368. 
443. 
505. 
569. 
575. 


671. 

734. 24 
783. 94 
824. 41 
923. 86 


32, 930. 69 
33, 008. 54 
038. 65 
078. 22 
114. 48 





21F3—i'D2 


a3 D,;—2 Pj 
a' D3—az3 P§ 
2Pi—giD2 
z3P3—el Py 

2D3—¢'Di 


2Di—g' D2 
a Fy—z' F3 
a’D\—2zPj 


2D;—(°Gs 


riPi—fiP2 
23P3—93Ds 
2P3—gPi 
23Pi—e! Py 
a3 D3—zP3 


2D3i—g3 Do 
2Di—gDi 
aDe—zPj 


a’ Do—z' F3 
21D3—f*Da 


ziHi—g'G, 
ziP3—g3P, 
23 P3—e3S, 

2D3—9'Ds 


aF3—z! F3 
2Dj—e!P; 
2Di—¢@'D2 
aD;—2?P3 


23P3—h'D2 


2r?P3—hiDs3 
y'Di—e'P2 
y3D3—h' D2 
yP3—feP, 
23Pi—eiS, 


yi Pi—i'D, 
2D3—(*F 2 
a! D2—2°P3 
zPi—g'Pi 

2P3—g'D2 


2Pi—e®P; 
zrPi—g'P2 
atF,—zPj 
aF,—z'F3 


x3Pi—h'D2 
2Di—/*F2 

21F3— !1D,? 
2Dj—eH, 
2P§—h'D; 


21Pi—f*Po 
2aDj—ftFs 
2aDj—PF, 
2Gi—edH, 
2Di—es; 


2Q3—*G, 
yP3—f*Ps 
2Gi—f*Fs 
2Di—g' Do 





Observed 


(0.00) 0.53 
(0.00 w) 1.12 A! 


(0.48, 0.80) 0.82, 1.17, 
1.51, 1.86 


(0.00) 0.65 
(0.00, 0.50) 0.46, 0.94, 


1.44 
(0.00) 1.04 


(0.00, 0.96) 0.61, 1. 58, 
2.54 


(0.00 w) 1.50 A? 





Computed 


(0.00) 0.52 
(0.00) 1.06 A} 


(0.00) 1.03 
(1.00) 0.52, 1.52 


(0.34, 0.68) 0.80. 1.14, 
1.48, 1.82 


(0.12) 0.61 
(0.00, 0.53) 0.46, 0.99, 
2 


1.52 
(0.00) 1.03 


(0.00, 0.96) 0.52, 1. 48, 
2. 44 


(0.00) 1.56 A? 
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TaBLE 4.—The first spark spectrum of lanthanum (La 11)—Continued 





" Zeeman effects 
Inten- | Temper- 

sity ature | v,,, cm-! 
spark class 


Term combi- | 
nations | 
| 





Observed Computed 





2aDi—f'Fs 


2G3—(*F 2 
23F3—h'D2 
2D3—f'G, 


2QGi(—/F3 
y®Pi—f*Pi 
y8Fi—fGs 
2G3—eHs 
ziPi—f*P; 


bo > = Go CO 





y303—f3Pi 
2Gi—e'H, 
2aDi—eP; 
y®Pi—i' De 
zi H3—ells (0.00) 1.04 (0.00) 1.04 


yk 3—f'Fy 
21D3—fiGs 
yPi—h3D; 
yDi—f3Po 
y!Pi—hDa 


yDi—f*P2 | (0.00) 1.23? (0.00) 1.17 
yF3—MDe 
y'Pi—!D2? 
z'D3—e! Py 
y¥Fi—gDs3 


_ 





a 
COW OI 


ANwSa- 











yF3—g'Do | 
2Gi—e3Hs | (0.00) 1.12 (0.00) 1.12 
ziPj—i 
2Gj—eH (0. 00) 1. 04 (0.00) 1.00 


23P3 





2G5—eH, | (0.00) 1.18 | (0.00) 1.19 


2Gj—g'Dz 
2aDi—a'Ds 
y®P3—h?D, 





| 


| 


| (0.00) 1.13 | (0.00) 1. 13 


yeDi—f*Pi 
y?P3—hi D3 


yFi—f'Gs 
2D3—gF 
y'F3—h' Dy 
2Dj3—gF3 
y'Di—h'Ds 





yFi—g' Ds 
2!D3—eiS; 
2F3}—fD2 
2Fi—fDs 
21Gi—S1F: 


2F3—f*Di | 

b|De—z' Pi (0.00) 1. | (0.00) 1.04 
x3F3—i'De | 

2G3—/1Gs 
yFi—f°G3 
2D3—g3F, | (0.00) (0.00) 1.08 
21F3 | 


| (0. 00) (0.00) 1.03 











21D3—fiFs 
2Di—giF2 
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963. 48 


35, 976. 68 
36, 040. 23 


124. 35 
206. 77 


214. 51 
232. 49 
238. 93 
279. 43 
315. 41 


375. 26 
526. 90 
533. 44 
587. 05 
652 8 


666. 49 
734, 25 
815. 68 
855. 32 
890. 54 


937. 29 


36, 996. 88 
37, 088. 29 


105. 64 
141. 


194. 
281. 
304. 17 
362. § 


865. 


881. 
915. 48 
983. 


3, 7989. & 
3, 8156. 42 


~5 


196. 
210. 2: 
257. 
297. 
388. 


407. 
423. 
437. 
445. 
504. 


508. 
555. 
652. 97 
703. 70 
709. 85 





yDi—g'P2 
2G3—gi Fy 
z'1Pi—g'Po 
y*Pi—giPs 
y®Pi—hDi 


y*Di—A'D: 
2Hi—eHs 
y'Pi—fi8o 
2'Pi—g'P; 
y'Di—g'P; 


y?Pi—A' D2 
2Hi—eH, 
yDi—f'Ps 
2Gi—g'F 3 
23P3—h'D2 


y'D3-f*P1 

21Gi—f*G4 
yP3—hD: 
21Pi—g'P2 
yDi—9'P2 


21Pi—h3D; 
20i—g'F a 
aHe—eHe 
21Pi—h? De 
y3D3—A* D2 


23Pi—A' D2 
2Hi—e Hy 
y?D3—h'Ds; 
23D3—A'D; 
2Pji--f*Po 


2Hi—e'Hs 


rF3—g'P2 
y®Di—g'Po 
2Hi—fFs 


y'F3—i'D, 
2Q3—9'F3 


ziF35—f*G, 
y'Di—i'Da 


yDI-gP 
23F3—fiF3 
yeFi—f'G, 
21Gi—fiGs 
zF3—9'Ps 


23Pi—f?Py 
2aF3—g'Ds 


2Hi—eHs 


22Gi—9g'Gy 
2Hi—f'G, 
2Hs—eHe 
aSo—z' Pi 
yDi—A'Di 


2Pi—f*Pi 


21D3—g' F2 


21Gj—eiH, 
yDi—h'D, 
2Di—/*Po 
wFi—gFs 
2Fz—-(*Gs 
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TaBLE 4.—The first spark spectrum of lanthanum (La 11)—Continued 
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| To ‘ f{Toet 
Inten- | Tempe in : Zeeman effects 
i a Term combi- | i 


Sity ature y m : 
- : } nations 


spark Observed 





ID3—g3 Fs 
aD3-fP; 


yFi—oiF4 








z3P$—h3Da2 


y>Pi—g'S8o | 
2P3—hiDs; | 
23Pi—g’P2 
2D3-gP; 
2iGi—g'F 4 


z3Hi—g'Gg 
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TaBLE 4.—The first spark spectrum of lanthanum (La 11)—Continued 




























| | 
| |, fo Zeeman effects 
‘ | Inten- tN eee | »_ om-! | Term combi- a en are 
d hair I. A.| sit A ee - Vis, NEHGns | 
| spar | class | | Observed Computed 
— oe ial he Se Pi Bi | iets P 36 4 oe 
4.98) 4. | fal. 27): #DE-PRs | | 
3 93. 27 oh 771.10 | | 
p 9984) 3 hi $31. 04 | | 
B 88.96) 2 $46. 45 | | | 
86. 26 | 2 R93. 80 | | | | 
7 84, 28 | 3h 41, 928. 58 | | 
. 7.63) 2h 42,081.24| 2Pi—!S. | 
= 70.47) 2 72.84 | z2Di—giP | 
e 69.18 2 195. 79 | | 
= 65.50 3 261.43 | 2Di—g3Py | 
B sso2| 3h 395. 48 
56.10} 1h 430. 02 | 
55.81 5h | | 435. 24 | | 
3.40| 2 | 478. 70 | 
53. 03 | l | 485, 48 ziFi—g? Fy | 
51. 93 1 ] 505. 24 
48. 86 a | — §60. 79 | 2FIi—g°Fy | 
5 4 } | 688. 18 y3E3—hIDo | 
, | ide 


g'Qy 









a—z'P} 
21D3—i! D2 


20 hil | 
{ | 
20 hl 





IV. THE SPECTRUM OF NEUTRAL LANTHANUM (La 1) 


As in Se and Y, the normal state of the neutral La atom is repre- 
Rented by a doublet-D term associated with the electron configura- 
ation ds’. In each case, the next lowest energy is represented by a 
quartet-F term arising from d’s, but in La it is only about one-third 
ms high asin Sec or Y. The remaining metastable low terms also come 

Hrom d’s, and are exactly analogous to those in Sec and Y. The ’G 
Bs narrow and inverted in all three spectra, and the predicted 2S has 
been found in none. The odd levels are very numerous, and it is 
Nifficult to group them into terms. Indeed, parts of the tangle could 
mot have been unraveled without the clues obtained from the new 
measurements of Zeeman effects. 
| The triads of quartet terms obtained by the addition of a 6p electron 

to the °D, °F, and °P terms of La 1 can be securely identified. They 
q lie lower than the corres pondi ng terms of Yr. Three additional 
odd quartet terms, z*F°, y'G°, a id w'D°, at higher levels can come 
®nly from the addition of a 4f electron to the same limits. The 

Moublet terms aris sing from the addition of a 6p electron to the various 
1 mits have also been certainly or probably identified by the intensi- 
ties of their combinations and comparison of their levels with Y 
number of supernumerary doublet terms must also arise from ses 
#/ electron, which in this case is less firmly bound than the 6p. 
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Many of the numbered odd levels which have not been grouped inty 
terms are probably of similar origin. The high terms, 10° to 15° 
probably arise from electrons of higher total quantum number. 

The high even terms give much tess conspicuous combinations jy 
La 1 than in Sc 1 or Y 1, and only a few of them have been found— 
but enough to give the ionization potential. The unassigned eve 
levels have been numbered from 30 onward. If the strong bands of 
LaO in the yellow and red could be eliminated more such terms could 

robably be identified, and some fairly strong high temperature ar 
ines classified. 

Table 5 gives the terms of the La 1 spectrum in the same gener| 
form as Table 3 does for La mu. The configuration from which eae) 
term is believed to arise is given opposite its lowest component. For 
the odd terms, the probable parent terms in La 11 are indicated. 


TABLE 5.—Relative terms in the La I spectrum 





Level | lee 3 
separa- Combinations 

tion Adapted 
weight Landé 


Elec- | 

tron | 
config- | 
uration | 











21F°, 24D°, z22D°, 22F°, 22P°, y2F°, 2p 
z1G°, y2D°, y2P°, ytF°, z2F°, 22G°, y'I) 
3°, z4D°, wiF°, of F°, 248°, r2D°, zi" 
z?P°, yiP°, y!G°, wipe, uiFé, UF*, w'l) 
vD°, wiD°, 6°, >, oe sF°, 9°, riF° 
wD°, v?P°, 10°, “1°. 


. re, Sas, Het, Ses yF°, zip? 


| 
| 
aDiy | 
a’?Days 


atF ox 





etn We, Se vir? 2s" 
eS uk er°, gf, y'G°, y’Q°, 
, ’ bd 


ziP°, y?F°, 24G°, y2D°, z?F°, 298°, zr!) 
3°, 4°, w2F°, 248°, z2D°, r1F°, y!P°, z'P* 
w?D°, 2F°, wiD®, v?D®°, 6°, 7°, 8°, s*F°, 9 


atF 344 
atF yx 





a'Px 
atPix 
a' Pax 


y?F°, z24G°, z4P°, yID°, y!F°, z3F°, 2G 
y'D®, :. 2°, wF°, oF°, 2?D°, 2'F°, 2] 
viF°, yP°, y!Q°, yae, ’w?P?, wiF°, ttF 
wiD®, vD°, wiD®, 
ww, 13%. 


z1G°, z4P°, y2D°, y?P°, ytF°, 228°, z'D" 
4°, v8F°, 248°, z?D°, zF°, z?P°, y'P 
wip’, ulF°, 5°, wiD®, UF, vD°, w'D* 
8°, stF°, 9°, r?F°, wp, 


y'D°, y*P®, ytF°, 21F°, 288°, 24°, wi, 
vF°, mp’, 1tF°, #P*. yP°, w'p®, 5 
wiD®, wiP®, vD®, wp®, vip’, 


y'F°, 2IF°, 21G°, y'G°, wiF®, 2°, 2P 
yiG°?, w°, yG®, wid®, aF°, sF°, 
riF°, y?H°. 


aF x 7, 011. 90 | 


| 1,040. 
a?F ig 8, 052. 15 7°, gF°, riF°, uD 


‘ 24F° 
a Fix . : e . 24G°, y2D°, y?P°, y'F°, ziF°, 27G°, y'D° 


bDix 
b' Days 


a’Py 
a’ Pix 


aGuys 
a’Ga 


z*F ix 3, 260. ‘ 
r'Fig | 13, 631.08 | 1 268 47 | 1. Je a‘F, 31, 32, 35, eF, eD. 


2*Fix 
2*Fixs 





2“Dix , 095. 
ADIs +1 
z*Dix ) 61 
z*Dix f . 6 


Dig | 14,804.10 
2Dirg | 15,031.65 | —227- 55 


\7@D, a‘F, 31, 32, 33, 34, e4F, e#D. 


a’D, a‘F, 31, e’F. 


Fig | 15,196. 80 


2F hy 16, 538. 44 1, 341. 64 a’D, a'F, e'D, eF. 





2P°% | 15, 219.90 


2P ti 16, 280, 20 1, 060. 30 a’D, a‘Fs 
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TaBLE 5.—Relative terms in the Lai spectrum—Continued 





Elec- 
tron | Term 
iconfig- 
ration 





y'D°% 
y' Diss 


Dix 


wiF in 
wF iy, 


vFiu4(?) 
vF3x4(?) 


24Sig 
Dix 
Dix 


r'Fix 
2'Fixg 
Fix 
mFix 


Hix 
2Hiy 


TP x6 
mPix 


32536 





y'P x 
spe 
Pig 
4 | - 
aF. f | y' Gis 
y'( I31, 
| v'Gixs 
y'Gix 


Level 
separa- 





Adapted 
weight 


Landé 


Combinations 








16, 856. 82 
17, 910. 18 


17, 567. 56 
17, 797. 30 
18, 157. 00 


17, 947. 16 
18, 603. 95 
19, 129. 34 
20, 117. 40 


18, 172. 39 
19, 379. 44 


20, 019, 00 
20, 197. 38 


20, 083. 02 
20, 338. 30 
20, 763. 31 
21, 384. 06 


20, 972. 22 
21, 662, 61 


21, 447. 92 
22, 285. 85 


22, 246, 64 
22, 439. 37 
22, 804. 26 
23, 303. 31 
23, 221. 16 
23, 466. 85 


23, 260. 90 
23, 549. 42 
24, 173. 86 


23, 528, 38 
23, 704. 76 
24, 046. 06 
25, 083. 42 


23, 875. 00 
24, 409. 70 


24, 507. 89 
25, 378. 46 


24, 639. 27 
24, 762. 62 
25, 218, 25 


BRRR RR RHE: 
= 8885 32 $2 
as 8 


SF 
a 


BS & 
Rees SES SSES 


. were 


BBSN BRR RRRR 


S258 
did 


~ 








3 


0. 8 
1, 08 





Jar, a'F, oF, a'P. 
jon, a‘F, a’F, atP, b?D. 
a’D, atF, a®F, a‘P, b?D, e*F, 35. 


a’?D, a‘F, a?F, atP, b°D, a’P, e'F. 


aD, a‘F, b’D, a?P, eF. 


a?D, a‘F, a?F, a‘P, a?P, a?G, e’F. 


a’D, a‘F, a®F, a?G, e?F. 


a’D, a‘F, a’F. 


le, a‘F, a?F, a?P, 6?D, a?G, etF, eF. 
\ 
J 


a‘F, a’F. 
a‘F, a?F, a?G. 


a‘P, b?D, a?P. 


a‘F, aiP. 
a‘F, a‘P, 6°D, a?P. 


Jen a‘F, a?F, a‘P, b?D, a?P. 
\arD, a‘F, a?F, a‘P, a?P, a?G. 
\atD, aF, a*F, a'P, b'D, atP, 


a’D, a‘F, a‘P, b°D. 
\aD, atF, a?F, a'P, 62D. 


Je a‘F, a?F, a?G. 
lar, aq, 


a?D, atF, aP, b?D, a’P. 


fi, @2', FD”. 
22D°, z2#D°, z*F°. 


jor, a‘F, a’*F, a'P, b°D, a?P. 


a?D, a‘F, a?F, a?G. 
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TaBLE 5.—Relative terms in the Lat spectrum—Continued 


Level 
Term Level separa- Combinations 
tion | Adapted 


weight 


tron 
config- 
uration 


y?Qix | 27, 132. 50 | 


ap 0.889 |) 
y*Gig | 27,619.69 | 487-19 | 


. 95 
| 1.12 | 1.441 |f 
w?Pti | 27,225.27 | | 1.8 1: 333 | a®D, a?F, b*D, a®P. 
wFix5 | 27, 393. 00 | iy . 857 |) ath 

wrF is, | 28, 039. 54 | 1: Lage eer Oe. 


atk, a®’F, a’G. 


t2F ix | 27, 669. 38 = | BOT Tdi caw eat 
Fig | 28,543.10 | 873-72) 1 | Lig ye er oe: 
Biss | 27, 749. | | 6D, a?P. 


ID. p w? Dir, | 27, 968. 5: wiee th «4 | .800 }) 


2 2F, aiP, b2 > 
w*Dix, | 28, 506. i D, @F, atP, b*D, a*P. 


| 
| 
aP.f| wDix | 28,893.47] ane np ( 0. 000 | 
Dir | 29, 199. 5: > 4 i 204 9 oR ‘ 
Diss amar mes ~4 302 j 1.1 1. 200 aD, aF, aiP, b?D. 
29, 894. | ot | 1. 1, 429 
| 28, 971. 82 oo - > th MD. at? 
, 75 |} 803.75 | : | (v?D, a?F, atP, BD, a’P, 
29, 461. 33 | | 2tD°, 
29, 564. 9: a?1), afP, 62D, a?P. 
29, 936. 7: i 1 } | a?D, a’F, atP, 
aD, atP; BD. 


| 24D°, 
| 


. % sO 47 ° 4Ro 4 lo 
etF 334 /(2F°, 24D°, ytF°, 24G°, 
e1F yy 
8?Fii¢ | 30, "ea 4 Na?D, a'P, a®F, BD, aa. 
sFig | 30, 964 42 | 


Pr. 4P A2T) 20 
2 52 ( 
3x | 96. § a D, a‘t , OF, at, 


e’Fo | 31,119 eh LaaTp° sto esiro 23790 
eF a3 108. 58 " yon » BE”, oF", 2G". 


eDars | 7. 65 | | 21F°, 24D°, 22F°, 


Fh 77. 88 h 


i a2 2F. b2 2q 
Biv jvD, aF, &D, a a. 


3p Dix 75 36 
ore | ee 3|-% | 500 |fa*D, ak, 02D, atP. 


31. | 
| 
| 


IP 
aP.p aD, 2D, a2?P. 
a'G.f y? fF 32,4 7 7.36 | . 9 H .% lara. 
| 24F°, 22F°, y2F°, 24G°, 
a’D, a’F. 


| 40, 322. 45 | 


40, 343. 


The spectral terms and combinations for La 1 are represente( 
diagrammatically in Figure 2, which may be compared with corte: 
sponding diagrams for Sc 1 and Y 1 spectra in publications alread! 
referred to.” 

Complete details of lines regarded as characteristic of neutr: 
lanthanum atoms are given in Table 6, the arrangement and notatio! 
being the same as that in Table 4. Here again the Zeeman patter! 
computed from the adopted g values are almost always in goo 
agreement with observation. 


% See footnotes 2 and 3, p. 625. 
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TABLE 6.—The arc spectrum of lanthanum (La 1) 




















Intensities, tem- . 
perature class Zeeman effects 
ee ee »y vac cm-1| Term combi- 
sae — nation — 
B. 8. K.&C. Observed Computed 
10, 952. 0 1 9, 128. 25 @Py—y?Dix 
10, 739. 66 5 9, 308. 73 
10, 612. 56 10 9, 420.21 | 6? Deax—z'Gixy 
10, 552. 41 6 9, 473. 91 
10, 522. 09 10 9, 501.21 | b9Di3¢—z*Giig 
10, 483. 0 2 36.6 | y*Fixg—etF ix, 
61. 69 15 56. 07 
50. 82 20 66. 01 
23. 4 1 9, 591.2 uF ix—et Fas | 
10, 409. 55 3 9, 603. 93 
10, 372. 4 1 38. 4 2*Fixg—32 
57.70 20 52. 01 
49.08 40 60.05 | a?Pin—y? Dix, 
37. 20 3 71.15 | 2GSis—e? Fxg 
32. 40 2 75.64 | y*Fixn—e!Fsx 
30.3 1 77.6 | yPis—etFiss 
10, 318. 2 2 9, 689. 0 
10, 294. 68 10 d 9, 711.09 | B® Diss —2z* Pixs 
85. 64 3 21. 52 
81.34 10 23. 69 
78.52) 3 26.37 | b* Diy —y?Dts 
74. 85 10 29. 84 
34. 7: 2 67. 93 
23. 76 1 78. 46 
19. 83 3 82.22 | z*Dix—32 
10, 209. 85 2 9, 791.78 | ytFings—e*Fiss 
10, 184.60} 20 9, 816. 06 
77. 74 6h 22.67 | 22Gix—e?F sig 
54.74] 40 44.92 | a?Fox—y? Fix 
43. 38 2 55.95 | y®Pin«—etF iss 
41. 20 10 58.06 | a? F315 —y? Fix 
30. 82 5 68. 17 
10, 111.9 2h 9, 886. 6 
10,083.96 | 2 9, 914. 03 
66. 77 6 30. 95 
58. 7 2 34. 84 
54. 82 2 42.7 
29. 74 2 67. 62 
14. 45 4 82. 84 
10, 005. 73 50 9, 991. 54 
9,988.47 | 10 10, 008. 80 
81, 24 6 016.05 | y*Fin5—etFays 
80. 38 10 016. 91 
65. 7 3 031. 67 
32. 7 2 064.98 | 2*Dix—31 
20.82 | 150 077.06 | a*Pi4—z! Px 
9, 911. 08 3 085. 95 
9, 881.24 | 100 117.42 | a*P24—z!P tx, 
62.60] 3 136. 54. | a*Fs4—z'F Sx, 
52. 58 6 146.85 | Zz? Fix—e? Fox, 
48. 70 4 150. 84 
42.0 2 157.8 
33. 30 3h 166. 74 
05. 2 1h 195.9 | b'D2x—y*Dig 
9, 804. 20 2 196. 92 
9, 775. 09 8 227. 28 
72.24) 20 230. 26 | a*P24—y? Fix, 
68. 82 3h 233. 85 
37.09 | 100 267.20 | a*P24—z'G$y 
13. 52 3 292. 11 
09.45} 10 206.42 | y!Fisxs—e*F'xs 
9, 706.48 | 20 299.57 | a?Pix—y?Pix 
9, 699.64 | 20 306.84 | atPiy—z'P hx 
96. 7 1 310.0 
92.6 2 314.3 
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TaBLE 6.—The arc spectrum of lanthanum (La 1)—Continued 






























Computed 
















Intensities, tem- , 
perature Class : ; Zeeman effects 
Ss A » see cin~t Term combi- 
ey A sir I. — vao nation 
ited B.8S.| K.&C. Observed 
env, | 
72.04] 8 | 336. 25 | a4Pus—z*Pbxs 
46. 47 3 363.65 | a?Pix—y'F in 
40.81 | 30 369. 73 
S 33.72| 40 377.36 | a?Gsx—y'F is 
© 9, 631. 84 2 379. 38 
9, 570. 38 5 446.04 | z?Fixu—e? Fag 
60.69 | 10 456.63 | a*Pix—z'*Giyg 
42.06} 50 477.05 | a*Pox—z'P 3x6 
41.23 | 20 477.96 | a?Pin—py?Pixs 
9, 528.0 1h 492.5 | atP2—y*Dix 
Be 495.15] 15 | 539.91 | y'Fix—e'Fass 
84. 2 1 541.0 | 
76. 98 3 548.99 | z4F§xn—31 
5 .8 a? F’3y4,—z2'*Ghs 
) 









































: 
m 65.41 






















atP y—2'!P in 


atF \4—2'F ix 


atFa—z' Fig 
22Ghy5—e? Fag 


at Piy4— 24P ix 
y' F3sg—e4F 336 
y'Fin—e?F ay 
22Dix—31 
@G3y4—y'* Fis 
b?Dox—y? Pig 
aQ4y—y' Fis 
b'Dox—y' Fin 


at P24 — z*Ghrs 
bDix—y* Dix 


a? Diy —2'Giss 
atFyy—24F ins 
aP 4 yPlig 
a2G3%4—2 Fis 
yi Fix —e?F ay 
@Py —y'F iss 
a? F345 —z'Gixg 
Fig —e?F 336 
a?F a5 —z' Pig 


aiPy—y’ Pix 
aFyx4—y’*Disg 


a? Piy44—2" Figs 


atFs4—z' Dig 
a? Fy34—? Dis 
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TABLE 6.—The arc spectrum of lanthanum (La 1)—Continued 


























| ' 
| Intensities, tem- Fon 
perature class , bi Zeeman effects 
Newt A.| vay eur} Term coe 
B.S. K. & C. Observed Computed 

21. 66 lh 332, 62 
8, 818. 96 20 336. 10 
8, 797. 6 2h 363. 6 

72. 02 1 396. 76 

67. 92 4 402. 07 

60. 4 1 411.9 

48.42] 50 | 427.50 | a*Fix—2*Dhag 

24.12 1 459. 33 

20. 42 20 464.19 | a&Gay—y'Pixs 
8, 703. 13 5 486.97 | a?Gau—z?Ghuy 
8, 674. 40 60 525. 01 atF3x45—z'F 314 

72.10} 30 528.07 | a?Ga—z2Giss 

38.4 | 10 573.0 | b*Diy—y?P is 

24, 22 6 592.07 | a? Fa4—z!Ghu 
8,621.55] 2 595. 66 

| 

8, 590. 97 6 636.94 | b°Diy—y! Fis 

58.9 1 680. 5 y?Din—etF sy 

45. 44 50 698.94 | atFo24—2'Dix 

43.46 | 20 701.65 | a?Gay—2?F his 

29. 68 3 720. 55 

13.55] 15 742.76 | a?Gu—z?F 314 
8, 507. 37 10 751. 29 b’Diy—y? Pix 
8, 476. 48 30 794.12 | atFox—2?Dix 

67. 62 15 806.45 | z#*Gin—etFass 
8, 440. 06 3 845. 01 
8, 379.80} 20 930.18 | z24*Gix—e*F is 

58. 50 2h 960. 59 | 

46. 60 | 100 12, III 977.64 | atFa4—z'Diss 

34. 44 3 11, 995. 11 

24.72 | 100 15, III 12,009.12 | a'Fs—z2'Dix 

24.59/HNR| 1,II1A 009.30 | a!Fe—z2!F is 

16.05] 10 2IVA 021.64 | atFa—z2?Dix 
8, 302. 837 4 040. 80 atF ix —z2'IDi 
8, 247. 46 60 10, III 121.62 | atF4x—z'F Gis | 

37. 90 3 | 135.68 | atFiy—2? Diy | 

11. 65 2 | 174. 48 | 
8, 203. 38 3 | | 186.75 | atFou—2? Fin 
8, 086.10 | 204+-M) 15, III j 363. 50 | atFiy—2*Diy 

$4.53] 3 | | 365.92 | a?Gay—z°Ging | 

61.38} 10 10, IIT 416.82 | atFay—2?F ix, | 

} 

8,001.91} 4 4,111 A | 493.58} atFox—z*Diy, | 
7,964.86} 5 6,111 | 551.70| atFig—z?Pir, | 

48.30 | HNR| 10, Ill 577.85 | a?Dex—2'!F iy | 
7, 931. 18 1 605. 00 | atF3—2!D3xg | 
7,864.98] 1 | 711. 10 | a? F 34—y! Fix 
7,841.76 | 3 | 748.74] atFay—z2iFig | 
7.737.741 1h | 12,920.12 | a@®Fag—a2?Fhig | 
7,664.38 | 4 ?IIL =| 13,043.78 | atFag—z*F ig | 
7, 539.24 | 10 15,11 | | 260.29) a*Diy—z'Fisg | 

33.64| 2 | 270.14 | at Fo4—2*P ix | 
7, 501. 78 1 | 326.50 | a?Fox—y' Fi 
(, 498. 82 2 5, III A | 331. 76 a? F 3x —yi Fin | 
7,463.08 | 5 10,11. | 395.61 | a?Fs4—z*Gix 
7, 382. 73 6 5, 111A | 541.40 | a?Pin—z?Ss | 

79. 71 10, IIL A 546.94 | a?Garg—y?Gly, | 

45.36 | 25 20, IIT A 610.30 | a?Fs—z?F iy | (0.42) 1.18 ? | (0.39) 1.06 

44.42|/HNR| 2,111 A 612.03 | aFug—2?Pisg 

34. 18 50 60, II 631.04 | a?Diy—2'Fiy | (0.00w) 1.30w (0.00) 1.30 

20. 90 2 | } 655.77 | a? Dow—z* Dig 
7, 308. 46 2h! 679. 01 aSyu—Sin 
7, 285. 83 1 } 721. 50 

70.30|HNR| 5,I1A 750.81 | a?Da—z*D3 

70.07 |HNR} 10, Ill 751.24 | a? Fax—py'! Fis 

63. 68 2 763. 34 

62. 83 2 764. 95 
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TasLe 6.—The arc spectrum of lanthanum (La 1)—Continued 


| 


sities, tem- } , 
gee es phe | Zeeman effects 





Term combi- 
nation ——— 


| 

| K. & C. Observed | Computed 
| 

| 


v vance! 


| B.S. | 





at yy—y? Fis 
15, ILA 3. atF o—y? Fi 
50, III 30. a2F24—2?F xg | (0.00) 0.91 (0.00) 0.90 
50, IITA 966. a? Dox—z2z'F jy, | (0.00) 1.27 (0.00) 1.22 
1,III1A 978. a2 D2y—z?Dig 
2, Ill 3, 982. 63 | a*Pay4—2? Fi 
1 34, 
2,1A 05.72 | a?Diy—z'!Disg 
3, III 27.6 


100, IT 3. 64 | a? Doy—z* Firs (0. 69)? (0. 66) 1.05 

55. 6 @Piy4—w' Fiz 

300, II 88. 62 | a*Fiys—y? Fadi 21, 0.65) 1.04, 1.47 | (0.21, 0.62) 0. 20, 0. 63 
1. 04 


15, III 5.65 | Py —22°Shig | (0.60) 1.27 (0. 60) 1. 27 
150, IIT 233. 66 | a2F3u3—22?Gauy | (0.00) 1.16 (0. 00) 1. 16 





z4*D3uj—e* Fag 
a?Piy4—7' Dig 
3, III ‘ 
50, III 5.58 | a'Fs4—y?F ing . 48) 1.14 (0, 41) 1.15 
100, III 35.90 | a2Fa4—z?Ging . 00wW) 1.58 A? (0. 00) 1. 53 J 


8, IIIT A . 38 | a2 Day—2z* Ding 
10, IIA 452. 6 atk 344 — 240 13u4 
1, tat A 482. 3 May —21G i 
1, Lid 484. 
tr, V 489. @Oyw—wr Fig 


tr, V 492. ee nee 
15,11 A 650. a? Fy —2? Fig (0. 00) 1.15 (0.00) 1.12 
3n, V 655. 
660.57 | a?Px4-—z*Ding 
ln, V? 666. 7 


4, 


A . § a’?D1ly—z!Dix 
tr, 3 


II J 
IVA a 
Vv 749, 22F ju —e*Dais 
IITA 52. ¢ 240i —3¢ 
Iii A 87.23 | @iFass- 

a? Piyg—v? Pix, 
@D 4—22DSxq | (0.00 w) 1.51 A? 
BD 27516 


2!4Din—34 
atFox—y?Fiig | (0.00) 1.18 


atF24,—z!Girg | (0.00) 1.06 


atF ay, —24Gig (0.65) 1.235 B? 
at Pig —y! Dig 
@Diy~—2? Diy 
aFix e*Daig 


(0. 00 w) 0. 88 


a@Deavy 21Diy 
&'Dix—7' Dixy 
asF3u—z'Giy | (0.59) 1.12 B (0. 47) 








). 00) 1.01 (0. 00) 





, 30) 1,12 (0. 37) 


atFoy—y?Dixg | (0.00 w) 1.30 A? (0. 00 











a? F3y—liy 
21D —e!Darg | (0. 00 h) 1. 41 } 
| a@2Dyx—2?F ug | (0. 00) 1. 00 (0. 00) 
a?1D)134—z2? Porg 
2 


2 
i L 
@Dax—2?Pix 


| 
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TABLE 6.—The arc spectrum of lanthanum (La 1)—Continued 





























| | 
1 ities - 
prsicce py Phe ; Zeeman effects 
en a i on Term combi- , 
— ae nation goatee ait 
B. 8. K.&C. Observed | Computed 
| 
55. 95 3, III A 249.12 ( 
55. 11 2 eb 251.07 | a?F3~u—y'!Dsx 
51. 78 1 258.82 | 6’? Dix—z!Diy ( 
49. 16 2 2n, III? 264.92 | a?Piy5 —z! Fig 
43.17 | 300 500, I 78.90 | atFixs—z'Giss | (0,.33,0.99) 0.00, 0.74, | (0. 33,0. 99) 0.08, 0.75 , 
1, 41, 2,07 1. 40, 2, 06 
23. 86 2 2, III A? 324.12 | b°Do4—°F hig : 
20. 7! 15 20, IV 331. 55 (0.00 h) 1.10h : 
19. 30 3 4,1V 334.84 | z2*Fiu—e!Foy i 
17. 35 1 339.43 | 2*G3u—35 i 
6, 506. 25 4 6, IV 365.59 | z4*Dy—33 ) 
6, 492. 86 4 5, V 397. 29 
85.54 | 20 20, IT A 414.66 | a?F315—2ix (0.00) 1.10 (0.00) 1.10 
80. 20 1 427.37 | a? Fay—y! Dix 
68.44! 10 8,ITA 455.42 | 6? Dax—2*Sisg 
55. 99 | 250 300, I 485.22 | a? Dow—z?Fixs | (0.00) 1.18 (0.00) 1.15 ( 
54. 50 | 150 200, I 488.80 | a*Fixs—z*Piu | (0.38, 1.11) 0.80, 1.54, | (0.39,1.18) 0.02, 0.8 
2. 26 159, 2, 38 6, 1 
50. 34 6 8, ITA 498.78 | a? Pin—z? Dix (0.00) 1.29 (0.00) 1.20 6.0 
49. 94 3 499. 74 si 
48. 25 4 10?, IT A 503.81 | a? Diy—z!Dixs 
48.10 | 20 50?, IT A 504.17 | atFin—y?Dix 
26. 60 2 556.04 | z4D3u—e!F ax 
20. 90 1 569. 85 22Fin—e? F 3x5 
17. 23 2 3, ITT? A} 578.85 | b?Dox—z? Dix ' 
6, 410.98 | 200 300, I 593.94 | atFou4—z!'Gisg | (0.00) 1.09 (0.00) 1.10 { 
6, 394. 23 | 400 600, I 634.79 | a*F31,—z'Gixy | (0.00 W) 1.02 A! (0.00) 0.90 A! : 
80. 48 1 uv 668. 48 
75.50] 2 680.72 | 24*Fisx—etFass 
75. 11 2 2, V 681. 68 ; 
60.20 | 30 30, IT 718.44 | a?Pu—z?Dixz | (0.00) 0.89 (0. 00) 0. 93 
56. 38 3 4,011 A 727.88 | &? Dix—Lix 
53. 63 | } 734 69 | a? Pisxs—z?Pixs 
39. 16 2 2,111 A 770. 61 as Pins—2?S 014 | 
33. 74 3 2,1V? 784.10 | 24Diu—e*Dsay 6, Of 
33. 24 2 2, ITT? 785. 35 5, 9 
30. 42 3 2,111 A 792.38 | a@Foa—y!Dix { 
25.90 | 100 150, I 803. 67 | a? Das—y?Fixy | (0.63, 0.99) 0. 25, 0.63, | (0.19, 0.56, 0.94) 0.2, 
1,01, 1.38, 1.76 0. 64, 1,01, 1.39, 1.7 
18.26 | 5 12,111 A 822.78 | a?F31s—w? Fis 
10. 13 8 12, 1V 843. 16 | 
08. 87 2 2, III 846. 32 ( 
6, 308. 21 2 3, III 847. 98 ‘ 
6, 293.57 | 60 80, IT A 884.85 | atFsu—y?Dix | (0.00) 1.33 (0.00) 1. 26 
. 56 6 7,111 A 897.50 | a? Pix—y!Pixs 
87. 73 7 8,111 A 899. 60 | b?De~—zr! Diss 
78. 31 1 923.46 | a?Pix—y!Pin 
66.00 | 40 60, III 954.74 | a®’Gay—z*Hixs | (0.00) 1.06 (0.00) 1.06 
49.92 | 300 500, I 15, 995.79 | atFayg—z!Ghxy | (0.00) 1.13 (0.00) 1.14 
38.58 | 12 15,1IIT A | 16,024.86 | a*Pax—rDix 5, 9 
36. 76 7 10, 111 A 029.54 | atPy—z*Six 5, 8 
36. 17 s 12, IV 031. 06 
34.85 | 10 15,111 A 034.45 | 6? Dex—z?Disg | (0.00) 1. 26 (0.09) 1.27 
33. 51 10 15, 11 A 037.90 | a*Pin—z!Db1, 
32. 56 1 040. 34 21Fix—etF 34 | 
25. 33 2h 058.97 | atPix—3ix 
24. 24 1 061.78 | 6? Disyg—o? Fix, 
19. 46 2 2,V 74. 13 
18.19 5 7, III 077.41 | @Ga—2zt Fins 
14. 35 2 7.34 | 2Diy—e? Fax 
6,206.76 | 2 107. 02 
6, 173. 74 | 1IVA 193.17 | 6°?Diys—z2‘Six | 
67. 69 2 209.05 | a? Fax —liss | 
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TABLE 6.—The arc spectrum of lanthanum (La 1)—Continued 








Intensities, tem- 
perature class 


B.S. 


6, 107, 26 
6,002, 22 


88. 00 
84, 86 


maa S rots Seo 


SouwSw 





28 nl 


Bunt? acta S88 





e 


se 
mowow oo 


K. & C. 


v vac crn~! 


Term combi- 
nation 


Zeewan effects 





Observed 


Computed 








40, II 
2,1V 


5, 1V 
3, UI 


10, III 
2,11 A 


30, III 
12, 111 A 


>> >? b> pb>>p> 


— 


>> 





214. 31 


216. 07 
243. 66 
264. 85 
268. 13 


274. 25 
277. 61 
291. 49 
297. 04 
316. 59 


325. 36 
331. 97 
334. 45 
357. 52 
366. 19 


369. 43 
409. 85 


421, 22 
429. 69 
455, 71 


459. 04 
464. 38 
473. 44 
538. 6 
547.3 


555. 64 
566. 8 
572. 63 
575. 15 
592. 


614. 

641.7 
683. 3: 
711, 2 





at Piy—r' Dis 


2°F3u—et F iss 
a3Sy4—? Piss 
2'Fhyg—e"Dayg 


a@F ox —y'!Dix 
a‘ Py —A Ding 
b'Dix—2’Dix 


24F 135 —34 
a? F345 —wF 36 
atP2,—z'Dii4 


 atF 5—y? Dig 
f a@Py—z? Pix, 
L2aDin—e Fay 


v? Fin —35 
a F 334 —v? Fby6 


BP Day —Y' Piss 
b'Disyg—2' Fi 
atPy—rt Dig 
Diy —t' Fix, 


a‘ Piyn—t'Dixg 
a’? Py—y' Pix 


24*Fixg—e* Firs 
atk yy—y' Fix5 
at Pin—ting 

atFiy4—y? Dig 
at P2s—w? Fis 


aDoy—2'Pix 


6b? Dow—z? Piss 
6? Diy—2? Dixy 
atP24,—v? Fig 


atF 34—y' Fi 
aDi~—y? Fi 
a? Da—y? Firs 
a? F 4—w? Fi 
a? Doy—2z'Ging 


a’ F3y4—7'F iiss 
atPy—4irg 

at Pa4—z4Sisg 
a@Sy—w' Dix 

atFo4—y? Piss 


atPiy—v? Fig 
a? F'314—2' Dig 


at F2y4—y'F iss 
at P234—Z? Diss 


24F iyg—et Fag 
a?Doy—z! Pig 
a@Diays—y? Dig 
a'Pi34— 24S ig 

b?Dax—y' P35 





( 0. 88) 0. 87, 1. 43, 1. 99 


(0.00) 1.15 


(1.34) 1.37 


(0.00) 1.17 
(0. 53) 1.34B 


(0. 75) 0.40, 1. 90 


(0.00 w) 1,77 A? 


(0.00 w) 1.72 A? 
(0.00) 0.87 
(0.27) 1.10h 
(0.00) 1.25 


(0.00 w) 1.42 A? 





(0.27, 0.81) 0.88, 1, 42, 
1, 96 


(1.85) 1.35 


(0. 12) 1.15 
(—, 0. 48, 0.80) —, 1. 06, 
1 7 


y 46 1, 


(0. 77) 0.38, 1. 93 


(0. 00) 1.85 A? 


(0.00) 1.76 A? 
(0.00) 0.86 
(0.26) 1.14 
(0.29) 1.13 


(0.00) 1.16 


(0.00) 1.41 A? 


(0.00) 1.20 


(0.17) 1.75 
(0.55) 1.42 
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TABLE 6.—The arc spectrum of lanthanum (La 1)—Continued 
acacia ) PERRIN En engin ee ae ee 
Intensities, agi Zeeman effects 
perature class | - ; 
aa wy-1| Term combi- | Ma 
whe be eh —| ? vec cm nation ee ae 
eS) ) Eek©. | Observed | Computed 
23.82} 15 | 10,111 A | 166. 11 | @F 316—2? Dir, | (0.00 w) 0.96 h (0.00) 0.98 
21.98 | 30 30, III 171. 54 | @G3ig—y?Girg | (0.00) 0.93 (0.12) 0.93 
13.44) 2 | 1,1ILA | 196.76 | b?Disg—y! Piss 
5,802.10] 2 1,111 A 230.37 | atPiy—2'F ig | 
5, 791. 32 | 200 400, I 262. 45 | at F yg—yt Fig | (0.00 w) 1.31 B (0. 18) 1.30 
89. 22 | 150 250, I 268.71 | “iF sis—y'Fixg | (0.15) 1.21 (0. 12) 1. 20 
69.97 | 25 25,111 A 326.32 | a? F33,—v?I +04 
69.32 | 80 80, I | 328.27 | atFas—y'F Su | (0.00) 1.01 (0. 04) 1.02 
61.83 | 50 60, I 350. 80 | atF yys—y* Pig | (0.94) 0.00, 0. 68, 1. 34 (0. 32, 0. 96) 0. 09, 0, 73, 
| | 1 1, 37 
44.41] 60 80,I | 403.41 | atP2s—z'Dirg | (0.00 w) 1.24 (0. 00) 1. 25 
42.93| 4 2,111 A | 407.90 | btP y—24Sing | 
40. 65 80 100, I 414.81 | ai¥ins—y'Fiw | (0.47) 0.59 B { (0. 18, 0.55) 0. 33, 0, 60, 
0. 96 
34. 93 6 5,111 A 432. 18 | aGasy Ms (0. 00) 0. 92 (0. 00) 0.92 
20.01} 10 10,1i1 A | 477. 65 a*F 316- | (0, 16, 0. 48, 0. 81) 1.93 A% (0, 16, 0. 48, 0.80) 1.70 
| | 2.03 
14. 55 | | LILA | 494.35 5 a?Gsy4 
4.01] 4 | 511A | 496.00] | (0.62) 2 (0. 66) 1. 05 
10. 85 2p?} 2]1r | 505.68 | 
03.32; 20 | 10,111 28. 80 | 
02. 57 | | 2, lil 531. 10 
5, 701. 15 | 1, 111 135. 47 | 
5,699.32} 3 5, III | 541. 10 | aS 
96.18 | 30 | 40,1 550.77 | @?Dayw—ztGgu | (0.00 w) 0.80 Al (0.00) 0.70 A! 
61.34] 2 | LULA | 658.78] aGi—y2?Gix 
57.71 | 30 50, II 670.10 | a*Fiy—yt Fins | (0.29, 0.88) 0.73, 1.33, | (0.29, 0.89) 0.12, 0.7) 
1,94 1.30, 1, 90 
56.54] 2 1,IIL A 673.76 | a? Piyg—w? Fig 
| | | | 
54.8 20 3, IIT A 679.2 | atPis—zxi Fix | } 
48. 24 50 80, Lil 699.73 | @Oqe—y?Girg (0.00) 1,12 | (0.00) 1.12 
39. 31 8 5,11 A | 727.76 | a*Pisg—z? Ding | 
32.02} 15 25, II 750.70 | @?Fo¢—2?Dirs | (0.00) 0.93 | (0.00) 0.92 
631. 2% 60 | 100,I | 753.22 | a@*Foa—y'Fju | (0.00 W) 1.45 A? (0.00) 1.55 A? 
| } | 
5, 598. 52 3 | 856.92 | | (0.00) 0.49 
88. 33 | 100 20, II | 889.48 | atFsu~—ytF his 
70.37} 3 5,ILA | 947.16 | a? Diy—z!Giy | 
68.45 | 30 50, II | 953.35 | atFsig—z?Qire | (0.44) 1.16 (0.41) 1.15 | 
65.70| 10 | 20,11 | 962.22 | at Fayg—z? Fig | 
| | | 5,1 
65.43 | 10 | 20, III | 963.09 | atPac—yi Phy (0.00) 1.52 (0.00) 1.49 5,0 
62.54; 2 2, III 17, 972.42 | a?F234--2' Fir, 
44.90] 3 6, III | 18,029.60 | a2} Sfix ).28) 1.47 (0.35) 1.44 
1.25; 15 | 20,1II 041.47 | 621 Ww Piss (0.00) 1,25 (0.00) 1,25 
32.17 | 4 |} 3,1 | 071.08 | a@Fas—z' Dix 
| | : | 
20.86] 2 | 3,1II 078. 63 a?G33146—u? Fg | ( 
#51 | Ary | 089.59 | 22F ius —35 : 
17.34] 20 | 30,III 119.66 | a?G4ig—w?F 315 | (0.00) 1.10 } (0.00) 1.10 
15, 28 5 | 10,11 | 126.42! a'Pyc—ytPésg | (0.25) 1.42 | (0.30) 1.39, 2.00 
07. 33 Wee Sik | 152.59 | atP y'Piv | 
} | | 
06.00; 20 | 40,II 156. 97 Sue | (0.00 w) 1.54 h | (0.00) 1.50 4 
03.80; 40 | 80,IIT 164, 23 5 | (0.70) 1.22B (0.69) 1.23 : 
02. 66 5 10, III 168. 00 
02.24; 3 | 4,011 | 169.38 
5, 510.34 | 200 | 300,I | 172. 35 | (0.00) 0. 80 | (0. 06) 0, 81 ] 
5, 
5,498.70; 2 | 2n,1II | 181.08 , 
91.07} 5 8,11I | 206.34 { 
75.17| 10 | 15,01T | 259, 21 | | (0.00) 1. 08 | 
66.91} 2 | 3,11T | 286.80] 
55.14 | 200 | 400,I | 326. 25 | 5 | (0.00) 1. 20 (0. 02) 1. 20 f 
| | | t 
37. 55 | 2 | 5,III 385. 54 | atP y—y!Pixe | (0.00) 2. 54 | (0. 21) 2. 50 § 
29.86; 6 | 15,IIT | 411.57 | atP y- u*Piss | (0.49) 1. 04 | (0.55) 1,06, 2, 15 1 
22.10 | | 3,11LA 437.93 | atFoy,—22Ghxg 
5, 415. 67 | 8,1 459.82 | atPis,—z'Pig | (0.36) 1.56 w | (0.39) 1.56 
5, 390. 63; ? | 545. 56 | a?Gayx—w? Dix | | 
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= 
— 


Serneww Sem 








Intensities, tem- 


perature class 


K. & C, 


20, III 
1, V? 
80, I 


i] 


60, IIT 


8, III 
10, LIT A 


1, 111A 
20, II 


2,1V? 
8, ILA 


{pry 








¥ vac C7! 


ow 
Sob 


bt 
mb 


aoe 
| Se oh) 





Term combi- 
nation 


aAGg4—l? Fig 
a*Fo—y'Pix 
atFoy —2?F ix 
a4 Po4—y'! Pix 


&’ Diy —w? Pix 
@Pi4—w? Dig 
aE 31g—2?Girg 


a'Pi4—y'P ing 


BDis—w? Fig 
a? Doy—y? Pin 


| @Dow—yt Fig 


@F 34—y? Gir. 
a as—livg 
atFag—y' Dig 


@Doy—yt Fig 
b? Dins—diy 
atl 3us—y! Dig 
@F34—w Fig 
OS Fag —2isg 


b? Do—t? Fins 
a’Diy-—-y?I Erg 


@F3n4—y!Gir¢ 
atFayg—y' Diy 


&Din—w'Dixs 


OF 34—y°? Gi 
OF i3¥6—y' Diss 


2h —35 


a? Dog —' Fig 
at F'314—Lisg 
aFyy.—y' Din 


&'Doay—v’? Diss 
Fox, —y'!Dis 


atF 34 —y1 Di, 
a? P14 —6b15 


a? F314 —w? Fis 
aFox—y'Girg 
b’'Doy —w!Di 
a?Wi35 —y* Pig 
atl’ 34 —3in4 
a@Pi.4—0"1 316 
Diy —w' Diss 
@Diy—y'Fiss 
aF 4—9°G3 


Observed 


(0. 00) 1. 583 


| (0.00) 0.90 


(0.00) 1.389 A? 

(0.00) 1.07 

(0. 23, 0.69) 0.57, 1.03, 
1.49, 1.95 


(0.00 W) 2.10 A? 
(0.00 W) 1.73 A? 


(0.00) 1.07 


(0,19, 0. 57) 1.05, 1. 45, 
1,85 


(0. 00) 0. 89 


(0. 60) 0, 92 


(0. 19) 0. 62 A2? 


(1. 20) 0,00, 0. 79, 1. 57 


(0.80) 1.18 B 
(0.00 w) 1, 24 





| 
| 


Zeeman effects 





Computed 


| (0.00) 1. 54 


| (0.00) 0.90. 





(0.00) 1.44 A? 


(0.21, 0.63) 
1.41, 1.83. 


0.57, 0.99 


(0.00) 2.10 A’ 
(0.00) 1.71 A’ 


(0.00) 1.06. 


(0.20, 0.60) —, 0.98, 
1, 38, 1.78 


(0. 00) 0. 90) 


(0. 03) 0. 90 


(0. 19) 0, 22, 0,60 


(0. 39, 1,19) 0. 02, 0, 81, 
1, 60 


, -, 070) =O 88, 
1,19, 1.51, — 
(0. 00) 1. 22 
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TABLE 6.—The arc spectrum of lanthanum (La 1)—Continued 





» sirl. A. 


Intensities, tem- 
perature class 





Y vac CIn—! 


| 


Term combi- 


Zeeman effects 





























nation ad 
B.S K. & C. Observed Computed 
64.84] 3 4, IIT A 136.03 | a*Fix—y!Dis 
57. 77 4 164. 75 
49.76 | 50 : 197.38 | a®Diys—p?Pis | (0.00) 0.84 (0. 00) 0. 84 
45.84] 3 5, IIT A 213.39 | a?F24—w*P is 
25. 40 3 2, IV 297. 27 
16. 62 3 1, 101? A 333. 52 
05.13] 4 4, III A 381.15 | a?F2—u?F his 
4,901.87] 15 ’ 394. 70 | a%Doyx—z*G$x, | (0.00) 0.94 (0. 00) 0. 92 
4, 894. 24 2 1, III 426. 49 
87.60] 4 5, III 454.24 | a®Fs,—w?Diy, 
86. 82 3 2,1V 457. 51 
81.94] 1 477.96 | a'Pix—w?Dix 
78.86; 10 15, III 490.89 | a? F3x.—?? Fig (0.00) 1.10 R (0.18) 1.10 
70.56] 5 5, III 525.81 | b?Diys—v Dis 
63. 90 3 2,1V? 532. 80 
67.37] 3 539.26 | a*F25—3h1 
54.95 8 8, III 591.80 | b?Dexy—v? Dixy | (0.00) 1.21R (0.35) 1.21 
50.81 | 20 20, I 609. 37 | a?Dax—2? Fig 
39. 51 20 25, II 657.49 | a?Fo4—t?Fiy (0.00) 0.89 (0.04) 0.89 
17. 55 3 751. 66 
17.17 10 4,1V? 753. 29 | 6? Dex—Tix 
4,800.24] 9 8, III 826. 49 a'Pap—wi Dig 
4,799.99} 8 8, III 827.57 | a?Gs—s'F 3 
92.46] 1 tr, III A 860.30 | atFi~x—z'Dbx 
91.77| 1 863.30 | a*P24—1?F fy 
91.39| 5 ei 864.96 | a*F24¢—20?F ig 
79. 89 4 4, I 915.16 | atF3x—w?F ix 
75.14 3 2,V 935.96 | a?G335—Dir¢ 
70. 43 10 15, I 956.63 | a?F234—w? Dix, | (0.00) 0.93 R (0.00) 0.89 
67.80; 1h 968.19 | a*F4—z?H ix 
66.89 | 60 | 100,I 20,972.19 | a?Dix—z?Fixg | (0.00) 0.99 (0.00) 0.98 
59.71| 2 2,1V? | 21,003.83 | a?Gs4—s!F jx, 
57.14 3 2,1V 015. 18 
56. 97 1,V 015.93 | a*Piy4—w? Diss 
53.11] 2 1L1V 032. 99 
52. 41 3 3, III 036.09 | atF24—z'Dix 
50.41 | 10 15, II 044.95 | a?Gs4—s?F ise | (0.00) 1.04 R (0.00) 1.02 
33.82] 8 4, V? 118.70 | b° D135 —Bb5 
29. 09 1 1,V 139. 82 
23.72) 2 3, II 163. 86 | a*Fa3c—4i 
14.14 4 5, I 206.86 | atF ix —w? Fixx 
08.18] 8 8, III? 233.71 | b®Day—8ix (0.00) 0.97 R (0.00) 1.15 
02.64] 8 10, I 258.72 | a'Fus—z'F ig 
4, 700. 26 8 8, III? 269. 48 
4,695.30] 3 291.95 | a'P2x—0"Diys 
60. 7 8 8, III 450.02 | a?Fsx%—w!Dix | (0.00) 0.92 R (0.00) 0.92 
53. 90 7 481.36 | atPix—v’?Dix 
52. 07 15 20, I 489.81 | at F34—2'Fixg 
50. 32 12 15, I 497.90 | atF24—v? Fix | (0.30) 1.13 (0.37) 1.12 
48.64 | 30 40, I 505.67 | a'Fisx—4ty (0.48) (0.15, 0.46) 0.26, 0,57, 
0.87 
46.33 | 10 12, III 516.36 | a?Gs%—r?F i | (0.00) 0.89 R (0.00) 0.95 
43.11 5 5, III 531.28 | a? Fa —?F ix 
27. 35 2 604.61 | b? Day—s? Fix 
15. 06 8 15, III 662. 14 at Py —wtDixs | (1.31) 1.37 R (1.35) 1.35 
05.08 | 6 10, III 709.09 | a*P13, —w* Dix 
04, 24 6 10, III 713.05 | 6? Dax4—93 
4,602.04 | 10 20, III 723. 43 a?Faye—08 Log 
4,596.19} 6 10, I 751.08 | a?Day—y*Dix, 
89. 89 5 780.93 | b? Days —s? FS 
81. 20 10 12, IIT 822.25 | atPsxx4—wtDix 
70.02| 60 | 250,1 875.63 | atFa—z'Fhys | (0.00) 1.34 (0.11) 1.34 
67.90 | 50 200, I 885.78 | atF34—z'Fixy | (0.00) 1.24 (0.02) 1.23 
64.85| 6 12, III 41 | atF24—2'F xx | (0.00) 1.42 R (0, 15,0 45) 1. 18, 1,48 
52. 47 8 8, IITA 959.96 | a?F2x—v™Dix, | (0.00) 0. 87 (0. 00) 0. 87 
50.76 | 8 10, LI A 968.21 | atPig —w* Diy | (0.78) 0.38 R (0. 77) 0, 38, 1. 98 
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7 

Intensities, tem- 
perature class 
| 


| — Vva 
lp.s.| K.&C. 


6 cm-! 


971, 11 


50.16 | 4 5, IIT A 

49.50| 40 | 50,1 21, 974. 30 
41.78 | 10 15, III 22, O11. 65 
37.87 | 2 032. 07 
28.88 | 3 074. 34 


07.4 2 

01. 57 6 10,11 A 
4,500.21 | 30 40, II 
4,499.04 | 10 10, IIT 

94. 71 20 30, I 

93, 81 5 10,1 A 

93. 11 15 25, I 

91.76 | 10 15, III 

86.06 | 10 20, III 

79, 82 6 15,IT A 

74. 54 4 5, III A 

68.97 | 10 , Il 

55. 21 3 10, IT A 

53, 85 2,IVA 

62.15 | 15 30, IT 


45. 2, III A 
43. 94 5 10, 
42, 68 6 12, II 
2.90 | 20 30, II 
17.14 2 6n, III 
13. 45 2, 111 A 
03. 02 2 8, III A 
4,402.64) 5 15, III 
4, 397. 04 | 2,1V A 


93. 53 2 4, III 
89. 87 6 15, III 
80. 55 4 12, II A 
60. 86 2 2, ITT A 























179. 5 

208. 26 
214. 97 
220. 75 
242. 16 


246. 61 





924. 


60. 49 2 2, III A 926. 78 
. 88 2 2, TILT A 940. 51 
54. 7 20 25, III 22, 956. 79 
10 15, III 23, 031. 20 

5 - 


186. 


245. 
298. 


9. 01 y 308. 87 
wh 4 100, I 356. 46 
4 406. 39 

2 425. 04 

10 15,11 A 454. 66 

6 6, III A 484. 58 

4 10, 111 A 586, 13 

4 ‘ 709. 47 

HNR| 2 844. 17 

8 50 125, I 874. 98 
7 15 30, I 931.15 
6 10, 111 A 969. 75 
1. 5 8, IIL A | 28, $67. 58 
63, 31 5 8,111 A | 24 012.60 
60.26 | 20 30, I 030. 21 
57.52] 6 10,11 A 046, 04 


141809—32—6 


Term combi- 
nation 


Zeeman effects 





Observed 


Computed 








atF 4 —24Sin 
a4 Fo44—2' Fi 
a*Piy4—w' Dig 
@Piy4—w'Di 
atPin —bixs 


a?Ga—r? Fig 
at F yy4—2? Dig 
aPo,—w'Di 


ayy —r? Fix 
atFiy—z' Fix 


a?Di35 —y* Dig 
aD —y'Di 
at Pox —Tiw 

atP 4 —v? Diy 
at Fi —2t Fug 


O'Dirs —8? Fig 
at F a16—7' Fug 
@Diy—y*Dix 
at Piss—7ig 

@G34—y? Hiss 


@F4—w'! Diss 
@Dy4—335 

atFs4—2' Fix 
a?Guy—y Hing 
atF x6—y' Piss 


@Dx4—2 Diss 
at Pys—Tig 
a?Py—wu' Dig 

@F 34 —8? Fxg 

a! Pag —Bisg 


a@Pi~4—-wDix 
@Doy,—w? Fis 
a? Foy —Tisg 


a Pi —8ixg 
atFo14—2? Pix 
b'Diy—r?Fisg 
bDiy—r? Fix 


a P24 —8? Fis 
at Py —8is5 
a4 P2314 —D5u5 
a? Py—v Por 
a! Piy4,—s? Fxg 


WD —w' Dig 
6° Do. —w’ Din 
a? Dog — Firs 
a! Pig —9ing 

a? F334—r? Fig 


a?D24—v* Fxg 
a? Piy—v' Pix 
a’Doy —24Sin 
a’? Day—2? Dix 
O'Diys—v? Pixs 


@Diy —w' Fig 
a2, )o% —2' Fix, 
atF 3 —y!Ging 
at Fin —y'Giss 
at Fy —y'Ging 


a?Day4—2'Dixs 
a?Di35 —2*Dixg 


(0. 00) 1. 08 


(0.00 w) 1.10 Al 


(0. 00) 1. 02 
(0.51) 0.27, 0,58, 0. 91 
us 


(0.00) 0.72 R 
(0. 00) 1. 16 
(0. 00) 1. 52 


(0.00) 0.98 


(0.00) 1.09 


(0.00) 0.86 


(0.00) 1.07 


(0.00) 0.90 


(0.59) 0.96 R 
(0. 14) 1.49 


(0. 00) 1.14 


(0.00 w) 1.19 
(0.00) 1.29 R 


(0.00 w) 1.16 A? 
(0. 00) 1. 50 (?) 


(0. 00 w) 1. 65,w 





(0. 17) 1.07 


(0, 12, 0. 37-) 0. 67, 
0. 7 


LT 11iy = , 
(0.00) 1.02 ° 
(0. 16, 0.47) 0. 26, 0.57, 

0. 88 


(0. 38) 0. 42, 
(0. 04) 1. 21 
(0. 00) 1. 54 


1,17 


(0.00) 0.97 


(0.00) 1.09 


(0.00) 0.86 






(0.00) 1.06 

















(0.00) 0.87 






(0.58) 0.96, 2.12 
(0. 20) 1. 50 


(0. 00) 1.13 


8 


(0. 00) 1. : 
(0. 08) 1. 29 


(0. 00) 1. 
(0. 20) 1. 


16 A? 


(0. 00) 1. 67 
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Intensities, tem- P , 
perature class x ; Zeeman effects 
ee vvaecm-1| Perm combi- 
d aie. J Kaine nation ——. 
B.8.| K.&C. Observed Computed 
50. 24 2 088.22 | a? F34—r? Fix 
44.36] 4 122.40 | atFa4—y?Giy 
43. 92 5 12, IITA 124.96 | atF34—py’?Gig 
37. 05 20 40, I a’Day4—z*Dix, | (0.00) 1. 22 (0. 09) 1. 23 
17. 67 8 20, III (0. 00) 0. 93 
09.80} 10 20,1 A aDo—v?Fi | (0.00) 1. 04 (0. 00) 1. 04 
09. 48 6 15, IT A @?Doy—z'Fixy | (0.00) 1.26 (0. 00) 1. 22 
4, 104. 87 30 y atFyyx—y'Gixg | (0.08, 0. 25) 0. 53, 0. 69, (0. 07, 0. 23) 0.34, 0.49 
0. 85 ur 0. 64, 0, 
4, 090. 40 2 440.61 | a? Fsu4—w?Dix 
89.61 | 25 50, I 445.33 | atFox—y'Giss | (0.00) 0.93 (0. 00) 0. 94 
79.17 20 40, I 507.90 | a? Diy—v? Fix 
65.58 | 15 30, II 589.82 | a?Dou—y' Pix 
64.79 | 25 50, II 594.60 | atFsu—y'Gixg | (0.00 w) 1.03 A! (0. 00) 0.94 Al 
60.33 | 30 60, II 621.61 | atFas—y'GSs, | (0.00 w) 1.10 At (0.00) 1.12 A! 
40. 97 2 } 739. 57 | a? Foas—u? Dig 
37. 21 25 50, I | 762.61 | a?Din—z?Dixy | (0.00) 0. 86 (0. 13) 0. 84 
15.39 | 25 50, I 897.17 | a%Doy—z?Pixs | (0.10, 0.31) 0.90, 1.10, | (0,10, 0.30) 0.90, 1, 10, 
1.30, 1.48 ur 1.30, 1. 51 
4,001.38 | 2 24, 984.34 | a?Dix—z'Fix 
3,953.67] 10 | 40, II 25, 285. 83 | a?Dax—y!Piss 
27.56 | 30 80, I 453.92 | a?Diys—z?Pixy | (0.00) 0.76 (0. 00) 0. 76 
3,902.57] 5 20, IT 616.91 | a?Dix—y' Pix 
3, 898. 60 8 40, II 25, 642.99 | a? Dix—py' Piss 
3, 895. 65 8?, IV 25, 662. 42 
3, 714. 30 2 26, 915.34 | a?Doay—w? Diss 
3, 704.54} 10 40, I 26, 986.25 | a?Doy—u?Fixz | (0.00) 1.08 £(0. 00)1. 04 
3,699.57| 4 12,11 A | 27,022.51 | a?Dis—y*Gass 
72. 02 8 30, I 225. 24 | a? Diy—w? Pir 
49.55 | 10 40, II 392.86 | a? Diyn—w' Fix | (0.00) 1.00 7(0. 00) 0.98 
41.53 | 20? | 100, II 453.19 | a?Dayx—w? Dig 
36. 67 6 40, Lil 489.88 | a? Dox—t? Fix 
3, 613. 08 10 30, II } 669.36 | a?Diy—t?Fix | (0.00) 0.97 (0.00) 0. 90 
3, 574.43 | 20 60, IT | 27,968.53 | a?Di1—t0?Dixg | (0.00) 0.83 (0.17) 0.85 
3,514.07] 6 20,11 A | 28, 448.92 | a?Dox—w!Dix 
3,480.61 | 3 8, III A 722.40 | a?D24—v’Diy 
61. 18 10 25, IIL A 883. 64 | a? Days—Tin 
50.65 | 5 12, 111 A | 28,971.78 | a?Diyx—v? Diy 
3, 404.53 | 10 15, LI A | 29,364.24 | a?Doxx—Siss 
3,388.61] 6 12,1TA | 502.18 | a?Diyg—w' Dig 
81.42 15,11 A | 564.92] atDis—6irg 
68. 36 3 679.54 | a? F3~—11 
64. 88 2 710.24 | a?F31,—10° 
62.04] 7 12, III A 735.33 | a?D2—s?F 2x 
67.50| 5 711A | 775.54 | a?Diy—v*Dig 
49.82; 2 | 3,111A] $43.80] a*Dax—9iy 
3, 342. 23 10 | 20,1LA 29,911.57 | a?Doay—s?Fixs | (0.00) 1.08 (0.00) 1.14 
3, 256. 60 2 30, 698. 05 
47.06 | 5 8, ILA 788.24 | a?Disc—s? Fig 
35. 66 3 5, IIL A | 30,896.71 | a?D135—9ix5 ; 
3, 215. 81 10 15, ITA 31, 087.42 | a2Day—r?Fixg | (0.00) 1.13 (0.00) 1.14 
3,179.78 | 4 8, III A 439. 65 | a?Dry4—wDiy 
75.99] 8 15, IL A 477.17 | a?Diy—r?F 
48.51) 4 4, III A | 31,751.89 | a?Diyx—wDix, 
3, 109. 42 8 12, ILA 32, 151. 04 | a*?Day—v? Pix 
3,096.02} 8 10, II A | 32,290.19 | a?Diy—v?Phx, 
10.78 | 4 2,1V A | 33, 204.34 | a?Diy—v?P ix 
3, 001. 41 2 307. 99 
2,992.99| 2 33, 401. 69 
09. 2 34, 358. 36 
2,904.62} 1 34, 417. 85 
2, 817. 46 2 35, 482. 54 
2, 794. 03 4 35, 780. 07 
66.46 | 4 36, 136.62 | a*F'sx4~—13° 
61.56 | 7 200. 74 | a4Fyx—14° 
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d | Intensities, tem- | | F as 
; perature class Gita led Zeeman effects 
4 iu m combi- | 
"TD sirl. A.| —_——_——| ¥ vae Cm nation " wane 
a j | 
ad . |B.8.| K.&C. Observed | Computed 
f 504] 4 207. 24 
b 56. 57 2 266. 27 | 
BS 49.52] 2 359. 25 
39.25 | 4 495. 56 | 
y 37. 49 3 519. 03 | | 
% | | 
‘ 30. 15 2 617. 20 ‘ 
q 29. 85 5 621.22 | atFexu—13 
34, 0.44, 95.57 | 15 678.73 | a%Day—11° 
22. ; 6 722. 65 | a?Di;,—10° } 
33| 2 789. 90 | 
3 811. 
8 828.03 | a*Fs4—14° 
4 880. 06 
707 3 36, 929.38 | afF114—12° 
2,684.11} 6 37, 245. 25 | 
77.77 2 | 333.43 | atFo14—15° 
01.10 71.91| 2 415. 30 | 
tie 53. 48 | 2 675.16 | a*Fi4—15° | | 
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V. IONIZATION POTENTIALS OF LANTHANUM ATOMS 












The first two members of series have been identified in the spectra 
© of lanthanum in all three degrees of ionization, and the ionization 
‘potentials for three different lanthanum atoms, La, Lat, La**, may 
thus be deduced spectroscopically from extrapolation of the series 
to their limits. 

To use the Rydberg formula is equivalent to assuming that the 
i denominator n* changes by exactly 1 from one term to the next 
fin a series. In those spectra for which long series and accurate 
E limits are available, the change An* between the first and second 
| members is usually somewhat greater and it appears to be preferable 
» to assume that the value for lanthanum is comparable with that for 
' similar spectra. For example, in the 1-electron spectra we find the 
© following values of An* for the s electron: 




























| 
| 
| 
| | j 
1. 031 1. 033 | 1. 640 | 1. 042 | 1. 050 





= s 
"We may therefore assume An*=1.050 for La 11. The terms 6S 
/and 7°S then give a limit at 154,630 (above the lowest level *D,,) 
» with n* = 2.6462, 3.6962. This corresponds to an ionization potential 
» of 19.07 volts which is the lowest known value for a third ionization. 
| Badami* from his analysis of this spectrum derived 20.4 volts for 
| the ionization potential of La**. 














*J. 8. Badami, Proc. Phys, Soc. London, vol. 43, p. 53, 1981, 
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For 2-electron spectra we find for the *S and *D terms due to & det 
“‘running’’ s and d electrons: fort 
os - — tha 
Term 88 sD | der 
| it oS Lia “| cur 
Spectrum | Cal | Sri Bal Cal Sri Bar | ] 
|__| |- = | by 
BP nse } 1.040 | 1.042 | 1.045 | 1.135 | 1.181 | 1.289 | is 
sd eet ee eee) es 1 
The 'S and 'D series in the alkaline earths are too much perturbed ” 
to be of use. We therefore assume that in La 11 An* = 1.05 for a run- 
ning s electron; that is, for the terms a*D, f*D, and a'D, f'D, with 
limit 5°D in La III, and 1.15 for a running d electron (aD, h’D with 
limit 67S). The resulting values of n* (referred to the proper limit 
for each component) and of the difference between the lowest level ’ 
in La 1 (a°F,) and La 1 (5?D;,4) are as follows: spe 
Et eet eee ee > Bee Semele col 
Term | D | DW: | D | DM | DW: | 2D, | 'D; dis 
itilectelieteniind = Ses "ie de’ 

n* f 2, 2232 | 2, 2333 2, 2206 2, 1826 2, 0384 2, 0453 2, 0518 sig 

Seay Palace ma \ 3, 2732 3, 2833 3, 2706 3, 2326 3, 1884 3, 1953 3, 2018 of 

ee 2 ee ees | 90, 704 | 90,600 | 90,664 | 91,924 | 93,944 | 93,924 | 93,916 yt 

y spi 

: ; as 

The mean of these seven values is 92,240, which corresponds to an & ,,, 
ionization potential of 11.38 volts for Lat. 

Finally, for La 1, we have the terms a‘F, e*F and a’F, ¢?F with a 
running s electron and limit a°F of La u. With limit a*D we have y 
only a*D and e*D, but these terms, though of different multiplicity, a 
may still be used.” The first comes from the configuration 5d 63’, th 
the second from 5d 6s 7s. Dropping the 5d electron we obtain the a 
lowest 'S and °S terms in Bat. For these and the corresponding eae 
terms in Ca 1 and Sr 1 we have the values of n*. de 

i ‘eee th 
| Spectrum Cal | Sri wet Le 
| | 
| : 
5, RE aT Ere | 1.442 | 1. 545 | 1.616 | 
e*(S)....... aceiaissiialaranwaciiielaaate ee 2. 484 2. 548 2. 629 
DP atin nciibienn amie | 1.042 1. 003 iF 1.013 
} | areas eee Bes 
We may, therefore, adopt An*=1.010 in this case while in the others 
we use 1.060. We then find 
ae ape , _ an 
| Term aD at Fis at Pox, atF 316 atFys | aF 2, a Fa 
|} e€&Dais | dF ix6 Fa, | etF 36 | eFys | eFax Fis 
—— | — 
A ae ly 1.5221 | 1.6033 | 1.6000 | 1.5048 | 1.5892 | 1.6229 | 1.6855 
oe agen emer; - il 2. 5321 2. 6633 2. 6600 2. 6548 2. 6492 2. 7429 2. 7455 
Dios. sdisdege unis | 45, 145 45, 337 45, 856 45, 606 | 45, 583 | 44, 721 44, 687 

The mean is 45,293 for the interval from a?D,, (La 1) to a°F, (Lat). 

This corresponds to an ionization potential of 5.59 volts. T 

A change of + 0.01 in An* alters the computed limits on the averag? ru 


by —152 or —0.019 volts. The average discordance of the sevel 


—, 





7A. G. Shenstone and H. N. Russell, Phys. Rev., vol. 39, p. 415, 1932, 
a Weane this suggestion to Prof. A. a. Shenstone. 
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determinations from the mean is +334 or +0.041 volts. We, there- 
fore, adopt 5.59+0.03 volts as the first ionization potential of lan- 
thanum. ‘This is in excellent agreement with the value 5.49 volts 
derived by Rolla and Piccardi ® from observations of the ionization 
current and rate of dissociation of La,O, in flames. 

For La 11 a change in An* by +0.01 affects the ionization potential 
by +0.044 volts, while the average discordance of one determination 
is +0.13 volts. 

We may finally adopt for lanthanum atoms: 

First ionization potential = 5.59+0.03 volts. 
Second ionization potential = 11.38 +0.07 volts. 
Third ionization potential =19.1 +0.1 volts. 


VI. DISCUSSION OF ZEEMAN EFFECTS 


The observed Zeeman effects for lanthanum lines in all three 
spectra positively identify most of the spectral terms although a 
comparison of the observed and theoretical g values discloses many 
discrepancies which greatly exceed the experimental errors. Similar 
deviations have been observed in other spectra, and have been as- 
signed either to departures from strict SL coupling, or to the sharing 
of g values by mutually perturbing terms. If the coupling between 
spin moment and orbital moment of each electron is weak individually 
as compared with the coupling of the spins and those of the orbital 
moments of the electrons mutually we have the so-called SL coupling: 


{ (8; S----) (, h----)} =(SL) =JS 


An atom for which this is true will emit a spectrum in which interval 
rules, and Zeeman effects are in accord with the values predicted by 
the theory of Landé and others. But if the quantum vectors s and / 
are actually compounded to produce a resultant vector J in some other 
manner the spectrum will show violations of the interval rules and 
deviations from Landé’s g values. Such deviations are evident in 
the La spectra. For example, the metastable quartet-F' term in the 
La 1 spectrum shows only a slight departure from the interval rule: 








¥ | bie 
| Separations | Ratios | 
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| 
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| 
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) ll) eS eee §F gig —4F 93624 F 316—4 Faye 4 Fox —tF iy = 9. 00:7. 00:5. 00 
Lal ” : 484.6 : 341.8 9. 00:6. 9. 90 





and the observed g values are almost exactly those of Landé 





| | 
Level | Observed gl Landé g | 





{Fix 
{Fay 
1F 3x6 
‘Fas 








The low terms in the La 11 spectrum do greater violence to the interval 
rule, and also somewhat larger divergences of observed and theoretical 


*L. Rolla and G. Piccardi, Phil. Mag., vol. 7, p. 286, 1929. 
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g values occur. Thus, for the normal state represented by a°F we 
have the following interval r ratios: 





Separations | Ratios | 


—_—_—__—_— | 


4. 00:3. 00 | 


Theoretical -..........-.<. | 3Fy—3F 3:3F3—3F 2 
| EE EE ee : se 954.6 : 1016.1 





4. 00:4. 26 





Jpse u 
Level | ¢ bserved | I 


| 
| 
g | Ls ndé g 
| 

Ries) Er 15s (ORT Oe 
| 3Fa 0.730 0. 66 | 

ay 1. 092 1. 083 
| 3, 1. 258 1. 250 | 





| Separations | Ratios 
Theoretical_- | §D33D2:8 Da Di | 3. 00:2. 00 
ie 22... | 658. 8:696. 4 3. 00:3. 17 
Gh sbls Slcicilbals Micdlbthedicteikde v 
and the splitting factors are: 
ew | Ot a ‘nm | 
| Level | = Landé | 
| | 
|___}____|___| 
| sD: | 0.520 | 0.500 
| DD, | Lis 1. 167 
3Ds | 1, 337 1. 333 


eee eee a ee ee 


These, and many other departures from ddinnenite ‘al values indicate 
a considerable deviation from (SL) coupling, probably in the direction 
of (77) coupling defined, in the case of two electrons, by 

{ (sili) (Sele) } = Gige) =S 
in which the interactions between spin and orbital moment of each 
electron predominate. 

No matter what the nature of the coupling may be the so-called 
g-sum rule of Pauli*® is expected to be valid. This rule can be stated 
as follows: If, among all the terms arising through the coupling of one 
electron, those terms with the same inner quantum number J be 
grouped, the sum of the g values of the terms in each group must have 
a value independent of the nature of the coupling, and consequently 
is, among others, equal to the sum of the Landé g values for a simila 
group. ‘This rule is tested in Table 7 where the observed and Landé 
g sums are displayed for all the groups in La 1 for which tne data are 
complete and for the low terms in La 1, although one term has not 
been found. The sums of observed g values are slightly larger than 
the theoretical sums, but the differences can perhaps be ascribed to 
the accumulation of a small systematic error of observation. If the 
observered g’s are diminished by 0.78 per cent, to allow for this, the 
agreement becomes almost perfect, with an average discordance of 
only 0.5 per cent. 





# W,. Pauli, Zeits. f. Phys., vol. 16, p. 155, 1923. 





Rus 
Meg 


ame at adovted and Landé g values 








00 ‘OF ‘OF ‘3 : 99 6 os’6_ | 099 9 ee} ‘e : SULI9} ppo [TB UNS 
00°T el » : | | | |. =. 4 
00's | a1. — sp 
00 ‘I : | | 
00 ‘T 
00°T 














a 
90° 
98 . ; He Jp 
| : Az 
, ¢ | §g0° : ‘ | 93° He? fs 


0900's _|_ 1F0"S 





020° | | : < qr on FE ne - ad 

z66°% (| | oz: or° T° “¢ Cel 

940 'T | ; qi 

ie) | ; I 

13 

dea 

000 “€ 6 . |} && 280 * : | 19 

000° | 2°? L° | ¢ | oso’ , De? fd 

| 000'2I_| Yd 920% 09e *¢ z xd 7 ‘19% Z ; SuLI9} MOT WINS 
| 000°T | | stor | | | aq | 

000 ‘T 300 * | } | | : pe | 

cont oe of ‘ ; : | | | | oF 

000 | 299° | o¢ €80°T | zeoT | , a a | dev | 


809 °S | 60% T SUII@} UdAO [TB ING 


8 
Pad 
~~ 
S 
> 
SN 
NM 
id 
id 
P~] 
=~ 
™~ 
3 
= 
~ 
~~ 
8 
sa 
_~ 


Sis O 





An Analy 


000° . } aw 
} ' eee ‘T ee “T ded 8p 


Suilo,| SU0I}0e[q 








gpuey | peydopy| gprey | padopy| epuvy | poidopy uey | poydopy 


€ b ¢ 9 


I By 


sanj,pa 6B gpun'T pun pajdopnp fo sung -:722, ‘2 alavy 








Bureau of Standards Journal of Research { Vol, 


668 





‘ZE6I ‘9 YsNnSNYy ‘NOLONIHSV AA 

































































| l 
00 "02 I 0 ef | 888 9% F ts 2 68'S 96 °g 8 9% "E th Z ad ous AO] UINg 
00 % (00 2, 00 Z (00 2) Sz 
00 % 66 T 49° 49° eT Zé T ded 
| 00% SIZ 08° 68° 02 ‘T 62 ‘T a9 
00 % £0 '% 98° 06° tI 'T eI‘ Acd 
00% £0 Z% 68° 16° It 'T ZIT Hed 
009 #69 19% IL % LT 69 'I 09 ‘I oT dy 
| 00% 66 'f OF * IP" £0'T £0 'T #2 'T 2 £8 T €8 I AyD Sep 
| 00% 66 'T | 08 0 620 02 ‘I 02 'T et sp 
Looe $i : Th in os ba ia Sie ae : = SUIJO J, suolj09[ 
| gpue’y| padopy gpuey pedopy gpuey peidopy gpue’y| | peidopy gpue’yT poidopy gpuey pedopy 
‘ee eres ae | rac : = ol — se a5 ae | 
ung % 341 342 448 4b 
| | a 
1 BT 


poenulyu0g—sanjoa 6 gpuvT] pun pajdopp fo sung :yaffa unwsaegy—') AAV, 











ANALYSIS OF WEIGHTED SILK 
By Ralph T. Mease 










A generally applicable, rapid, and convenient method for the determination of 
© the amount of pure silk fiber in silk textiles is described. Weighting and finish- 
‘ing materials are removed by repeated extractions with hot water, 2 per cent 
© sodium carbonate solution and a solution containing 2 per cent of hydrochloric 
© and 2 per cent of hydrofluoric acids. Results of analyses of samples of known 
© composition are presented which indicate that the results are correct to within 
1 per cent of the weight of the dried finished material. Results obtained by 

© inexperienced analysts working in different laboratories have been in good agree- , 
> ment when samples of the same silk were analyzed. Qualitative methods for 

> the identification of the following weighting materials are given: Aluminum, lead, 

| phosphate, silica, tin, zinc. 
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I. INTRODUCTION 











Raw silk, as it comes to the manufacturer, contains about 75 per 
cent fiber (fibroin) and about 25 per cent gum (sericin) exclusive of 
moisture. At some stage of the processing the gum is removed by 
“boiling off’ in a soap solution. The silk may then be ‘‘weighted”’ 
by the addition of various metallic salts or other substances, the 
amount of the weighting being determined by the purposes for which 
the silk is intended, the selling price, and similar considerations. The 
amount of weighting added seldom is less than the amount of the 
gum removed and it may exceed the amount of the silk fibroin. The 
claim is made that weighted silk has a better ‘‘hand” or “‘feel”’ than 
' unweighted silk, that it drapes better, and that its lower cost makes 
_ possible the use of silk by persons who otherwise could not afford it. 

After weighting, the silk may be dyed, or printed. It is finally 
“finished” by the addition of gums, soaps, waxes, hygroscopic sub- 
stances, or other ‘‘finishing”’ materials which contribute to the desired 
properties. 

The need for a standard method of analysis for weighted silk arose 
several years ago when special attention was being given to the 
problem of overweighting. There was an insistent demand from 
humerous manufacturers, distributors, and consumers for definite 
_ limits on the amount of weighting to be allowed on different types of 
| silk fabrics. This led to the tentative designation of limits by the 
| Silk Association of America in January, 1929.!_ In order to insure 
' satisfactory analyses of weighted silks for conformance with these 

standards or other standards that might be agreed upon, attention 
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' Fifty-seventh Annual Report, Silk Association of America, New York, p. 27, 1929. 
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was given by a Technical Committee on Weighted Silk ? to method 
of analysis. A proposed standard method was published.’ 

The proposed standard method was the one in common use calling 
for extraction with hydrofluoric acid, amplified to make possible the 
successful analysis of silks weighted with materials other than tip. 
phosphate-silicate. When samples of silk of known weighting cop. 
tent were submitted to cooperating laboratories for analysis by this 
method, the results were in error in one instance by no less than 32 pe 
cent of the amount actually present and in two other instances by 1 
and 20 per cent.* 

In anticipation of the need for analyses of weighted silks in several 
projects in the textile section of the Bureau of Standards, and with 
the expectation that the Federal Trade Commission would requir 
analyses of weighted silks, some attention was given to the develop. 
ment of a generally applicable and satisfactory method. This work 
resulted in a method which is reasonably rapid, convenient, and 
reliable. The work is described and the resulting method is given in 
this paper. Qualitative tests that have been found useful in identi- 
fying inorganic weighting materials on silk are also given. 


Il. EXPERIMENTAL STUDIES 


The important determination in the analysis of weighted silk is 
that of fibroin content. Several methods have been proposed for 
obtaining this value. In one method® the fibroin is evaluated by 
determining nitrogen, which is a constituent of silk fibroin. This 
value is in error if dyestuffs containing nitrogen are present in the 
silk. In another method ® the fibroin content is indirectly evaluated 
by making a determination of the ash content of the weighted silk. 
This is done by igniting a sample in air. The weighting materials 
are changed during the ignition and the weight of the ash is not a true 
measure of the weighting materials contained in the material. A 
third method, which is also indirect, consists in the extraction of in- 
organic materials with hydrofluoric acid.’ When lead, zinc, or 
aluminum salts are present, however, the material is alternately 
treated with hydrofluoric and hydrochloric acids. Neither of these 
last two treatments entirely removes the inorganic materials. 

It was found in this laboratory that a solution containing 2 per 
cent of hydrofluoric and 2 per cent of hydrochloric acids was mor 
effective in removing inorganic weighting materials than either acid 
alone, or the alternate treatments with these two acids. Further 
more, the combination of hydrofluoric and hydrochloric acids was 
found to be less destructive to silk fibroin than hydrochloric acid 
alone. 

Unweighted silk cloth was purified by boiling it in several change 
of neutral soap solution, then extracting with alcohol to remove soap, 





? The Joint Committee of the Textile Industry on Weighted Silk, composed of representatives from 
national associations representing manufacturers, distributors, and users, established this smaller technici 
committee to consider technical problems. 

§ Anon, To find silk weighting content, Textile World, vol. 76, p. 1454, Sept. 14, 1929. 

4 Unpublished data of the Technical Committee on Weighted Silk. 

5 Gnehm, R., and Blummer, E., Méthode pour le dosage de la charges des soies noires, Rev. gén. mal 
color., vol. 2, pp. 133-134, April, 1898. . 

6 Branegan, James A., Practical analysis of methods for determination of artificial weighting of tin weight 
= Melliand, vol. 1, pp. 735-739, August, 1929. Compares results obtained with several methods ° 
analysis. ; 

7Gnehm, R., Eine neue Methode zur quantitativen Bestimmung der Zinn-Phosphat-Silicat-Charge aU 
Seide, Z. Farben-Textil-Chem., vol. 2, pp. 209-210, June 1, 1903. 
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and finally with ether. It was then immersed in boiling water and 
fnally dried in air at room temperature. This silk is referred to as 
“glk fibroin’’ in the experiments to be described. 

The first step in the analysis of weighted silk by extraction with 
hydrofluoric acid is the removal of soluble finishing materials; that 
is, materials soluble in water or organic solvents that might be ex- 
pected to be removed by either wet washing or dry cleaning. The 
purpose is not only to obtain a value for the amount of such materials, 
hut to expose the insoluble weighting to more ready attack in sub- 
sequent treatments. Rinsing of the specimen with alcohol and ether 
Ito complete the removal of soluble finishing materials and to expedite 
the drying was found to be unsatisfactory because silk fibroin may 
iold these solvents even when dried above their boiling points. This 
was demonstrated in the following experiments. 
| Samples of silk fibroin weighing about 2.5 g each were dried to 
Fconstant weight (+0.1 per cent) in an air oven at 105° to 110° C. 
'The time required was 1 to 1% hours. Weighings were made at 
Sone-half hour intervals up to five hours. These samples were then 
Fsoaked in 100 times their weight of distilled water at 65° C. for 20 
© minutes, rinsed in a fresh portion of distilled water, then in alcohol 
Fand finally in ether, a procedure typical of those used for soluble 
‘finishing materials. They were then dried to constant weight as 
Sbefore. The dry weight of the samples thus treated was approxi- 
Pmately 1.5 per cent more than the weight of the original dry material. 
§'The samples were then immersed in boiling water and again dried. 
FA{ter this treatment the samples. were found to have returned to 
stheir original weight. This procedure was repeated and it was 
iclearly evident that when the silk was rinsed in alcohol and then in 

ether before drying, the weight of the dry material was considerably 
higher than when the silk was rinsed finally in boiling water. | It was 
also found by other experiments that the alcohol and ether could be 
fremoved by water at temperatures below boiling. On this evidence, 
the final rinse in alcohol and ether must be followed by immersion 
of the specimens in water before drying. 
> After removal of soluble finishing materials, weighting is removed 
}in the hydrofluoric acid method by alternate treatments of the silk 
Pwith dilute hydrofluoric acid and dilute sodium carbonate solutions. 
| Various concentrations, temperatures, and times of treatment are 
Fused in different laboratories. According to the method recom- 
§ mended by the Technical Committee on Weighted Silk, silk weighted 
with tin phosphate without silicate requires a treatment with dilute 
Shydrochloric acid solution as well as with hydrofluoric acid. 
» Preliminary experiments indicated that both the concentration 
» and temperature of the reagents are extremely important, too drastic 
) treatment materially affecting the silk fibroin and too mild treatment 
» hot removing the weighting completely. Further, a mixture of hydro- 
F uoric and hydrochloric acids * was found to be more efficient and 
' less harmful than the separate treatments with hydrochloric and 
» hydrofluoric acids called for in the method of the technical committee. 
| _ The treatments which were finally adopted are described in Section 
/ lll. The effects of these treatments on silk weighted in several differ- 








_ Suggested informally several years ago by Dr. Victor Froelicher, chief chemist, Textile Dyeing Co. of 
AMerica, 
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ent ways likely to be encountered in practice ® are shown in Table |. 
The amount of silk fibroin found by analysis of silk of known weighting 
content agreed with the amount present within 1 per cent of the 
weight of the dry finished silk for tin phosphate, logwood black, and 
other types of weighting as well as for the usual tin-phosphate-silicate 
weighted silk. The average loss in weight of eight samples of silk 
fibroin, when given the treatment for removing weighting, was 0.49 
per cent and the maximum loss was less than 1 per cent. 

Analyses of over 75 samples of commercial weighted silks have been 
made according to the method by several analysts, with excellent 
results. The amount of dry silk fibroin obtained in duplicate deter. 
minations agrees well within 1 per cent of the weight of the dried 
sample. The ash obtained by igniting the sample after treatment for 
removal of weighting seldom exceeds 0.1 per cent and is usually very 
much less than this when the silk is weighted with tin-phosphate. 
silicate. 

Results of a few analyses of commercial samples made independ. 
ently by analysts of two laboratories using different kind of equip- 
ment are given in Table 2.!° Evidently good results may be obtained 
without the use of special equipment. 


TABLE 1.—Results of analyses of weighted silks 


[Values are in percentages of the weight of the ovendried specimen. Results of duplicate analyses given] 



































| Extraction with apparatus of Extraction with appa- 
| Figure 1 : ratus of Figure 3 
Sam-| ] 
| Ty reighting x . 
9 | Type of weig Soluble Soluble 
NO. | Silk con-| finish- | Resid-| Silk | finish- | Resid-| Silk 
tent |ing ma-jual ash | fibroin | ing ma-j ual ash | fibroin 
terials terials 
o | Tin phosphate...............---..---- 60. 4 { Seip. 8 { =? } ‘apa Pris Re a 
1 | Tin phosphate silicate_._..........-.-- 48. 3 { 7 } .0 { Sé 4 } 0.5 { a 
nia 
2| Tin phosphate, lead, silicate.........| 50.8 { 7 \ An ei: ae Lane { 
3 | Tin phosphate logwood black --..-----} 52.1 { :3 \ | { ae af } 1 { 54 ; 
4 | Tin phosphate silicate_____..-- : seal 50. 1 { =e \ ol { 34 } hak Goes 
5 | Tin phosphate zinc -...----.-- 60.9 { os \ .0 { as } gibi tens 5m da ee 
_ Tn- 8 | 
10 | Commercial silk, tin phosphate silicate aes { 4 } .0 { 2 =. \ -0 { + 
Un- 6.3 50. 2 5.8 50.9 
LL |--,--00.. ..00-0n--ncone-nwone -----| known. {l 6.0 } @ { Bo a7it °° { 51.1 
Un. 5.2 f 60.0 4.6 f 59.0 
1D bnwss do | 6.6 \ 0 \ 59.2 5.2 } 0 \ oy 
Un- 6.8 92.5 3.4 0.9 
BB FacsniAO no rnrnn incon nonne known. h osit “OR oa] soit OR a 
Un- 5.5 49.1 4.7 f 483 
14 do | 5.4 } v1 { 49. 4 5.2 . { ry 
Un- 5.5 42.2 5.3 16 
15 |-----d0... ---------------------------+- “ae | 5.2 } -0 { 42.3 4.6 “0 { 41.2 
Jn- 49.6 
16 |----- do . oni i 53 } -0 { to 5S } i { or 
= Un- 6.8 55. 2 5.0 04. ¢ 
17 |----- do iaoda a4 } -0 { 5521 self °! { 55.2 














® The author is indebted to Dr. Victor Froelicher for the samples of known weighting content represents 
tive of the different types of weighting. ‘ 

19 These results were obtained under the supervision of Prof. Pauline Beery Mack, of the department0 
home economics, Pennsylvania State College. 
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@ |. Mastp 2.—Results of analyses by two independent laboratories on commercial silks 
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el B11. A METHOD FOR THE ANALYSIS OF WEIGHTED SILK 





| The specimen for analysis should be representative of the cloth. A 
Pstrip the full width of the cloth is suggested and should weigh from 
© to 5g. 

| The specimen is dried at 105° to 110° C. to constant weight (+0.1 
‘per cent). If the specimen is loosely spread on a watch glass and 
Fplaced in the usual laboratory electric oven at 105° to 110° C., it 
‘should dry within one and one-half hours. It is then placed in a tared 
Pweighing bottle, allowed to cool in a desiccator, and weighed. The 
Pweight of the dry specimen is called weight A. 

> Soluble finishing materials are removed by the following treatments. 
"The specimen is immersed for about two minutes each in two 30 ml 
‘portions of diethyl ether at room temperature, squeezing by hand 
after each immersion. Then it is treated similarly with two 30 ml 
»portions of ethyl alcohol at 50° to 60° C. Finally it is immersed in 90 
to 100 times its weight of distilled water at 65° to 70° C. for 20 
Pminutes, squeezed by hand, and rinsed by immersion for about one- 
"half minute each in three fresh portions of distilled water at the same 
ptemperature, squeezing by hand after each immersion. It is then 
/dried at 105° to 110° C. as before. The weight of the dry specimen at 
F this stage is called weight B. 

| Weight A—weight Bx 100/weight A=soluble finishing materials 
» n per cent (based on the weight of the dried specimen). 

| The more firmly held weighting and finishing materials are now re- 
Hmoved by the following series of treatments: (a) The specimen is 
"immersed in 90 to 100 times its weight of a solution " containing 2 
| per cent of hydrofluoric acid and 2 per cent of hydrochloric acid 
Pmaintained at a temperature of 55° C.+1° C. The acid liquid is 
p tecanted and the specimen is rinsed with two portions of distilled 
) Water at 55° to 60° C. squeezing by hand after each rinse. (b) The 






































4 . ! This reagent may conveniently be prepared by mixing equal volumes of 4 per cent (+0.1 per cent) hydro- 
pe ‘luoric and 4 per cent (+0.1 per cent) hydrochloric acids. High concentrations of mineral acids disinte- 
erate silk, Too low a concentration may not remove inorganic materials sufficiently well from all types 
Pa of weighted silk fabrics. For this work the concentration of each of the acids was determined by titration 
a with a standard base. The concentrations given mean per cent by weight of actual HF and HC! (not 
FY a one concentrated acids). The reagent is approximately N with respect to HF and N/2 with 
ag +t tO ° 
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treatment with acid solution (fresh solution) followed by rinsing jg 
repeated. (c) This treatment is again repeated using a 2 per cent 
solution of sodium carbonate in place of the acid solution. (d and e) 
The treatment with acid solution is then applied two times more, 
(f) The specimen is then rinsed several times with distilled water 
and is dried as previously described. The dry weight is called weight 
C. Provided all materials other than silk fibroin have been removed 
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eR SECTIONAL VIEW. 


Figure 1.—Electrically heated oil bath for control of 
the temperature of the solutions during the extraction 
process 


1, level of oilin the bath; 2, metal cover; 3, body of water bath container; 
4, thermometer; 5, wall of cylinder to guide the circulating oil; 6, elec- 
tric motor; 7, propeller blade for agitating the oil bath; 8, glass insu- 
lated electric leads to heater coil; 9, outer wall of metal container; 10 
mineral wool for heat insulation; 11, inner wall of double-jacketed 
metal container; 12, water bath; 13, nichrome wire heating coil—1 
unit of a 3 and 1 of a 4 amp current consumption at 110 v; 14, 800 ml 
Pyrex beaker, tall form; and 15, watch glass cover. 














(see suggestions for ashing the specimen below), then: Weight 
CX 100/weight A =silk fibroin in per cent (based on the weight of the 
dried specimen). 

Weight A—weight Cx 100/weight A=total weighting in per cent 
(based on the weight of the dried specimen). 
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The total weighting thus obtained includes all substances other 












































FiguRE 2.—A semiau- 
tomatic extraction ap- 
paratus for analysis 
of weighted silk 

A, 1,000 ml Erlenmeyer flask; 
B, trap; C, outlet for liquid 
and inlet for air to flask A; 
D, capillary tube control- 
ling flow of liquid; JEG, 
siphon tube; F, chamber for 
samples; and H, reservoir 
for spent liquor. 


than silk fibroin. 

Weighting is adequately re- 
moved from some silks when 
steps (6) and (e) are omitted, but 
these steps are necessary for the 
complete removal of weighting 
from others. It is advisable to 
determine the ash as a check on 
the effectiveness of the extrac- 
tion. Ashing is done preferably 
by heating the specimen in a 
well ventilated muffle furnace. 
If the weight of the ash is more 
than 0.2 per cent it should be 
subtracted from the value ob- 
tained for weight C in the for- 
mulas. 

The simple oil bath shown in 
Figure 1 is a convenience if a 
number of analyses are to be 
made. Withit the temperature 
of the solutions can readily be 
controlled to within 1° C. and 
eight specimens can be handled 
simultaneously. 

When many samples are to 
be analyzed time may be saved 
by using a battery of semiauto- 
matic extraction units. One of 
these units, constructed of thick 
walled Pyrex glass, is shown in 
Figure 2. The specimens to be 
extracted are placed loosely in 
the tube, F. 

Apparatus of the dimensions 
indicated will hold five speci- 
mens. ‘The liquid is placed in 
the 1-liter flask, heated to the 
proper temperature, and the 
flask is inverted in the position 
shown at A. The orifice, D, is 
of such size that 15 to 20 min- 
utes are required for the flask 


to empty. The extraction is p 


not always quite so thorough 
with this apparatus as when the 
specimens are treated individ- 
ually in beakers in the constant 
temperature bath. 
Concentrated hydrofluoric 
acid may be measured with a 
pipette like that shown in Fig- 


:;, ae 
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IGURE 3.—A pi- 

pette for transfer- 
ring and measur- 
ing concentrated 
hydrofluoric acid 
T, main reservoir; R, aux- 
iliary reservoir; M, cal- 
ibration mark; O, suc- 
tion orifice; and C, 
eapillary discharge 
tube. 


ure 3. Such a pipette may be made of Pyrex 
glass and coated on the inside by drawing melted ozokerite into the 
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cold pipette and allowing the excess to drain. The acid is draw, 
into the pipette by means of a rubber tube attached at one end to ¢ 
and at the other to the laboratory vacuum. The acid may be diluted 
and handled in a Pyrex beaker also coated on the inside with ozokerite 
If hydrofluoric acid comes in contact with the skin, it should bp 
removed as soon as possible by washing with a solution of borax t 
prevent burns. Hydrofluoric acid burns should be treated by keeping 
the affected parts moist with a saturated solution of borax. 7 


IV. QUALITATIVE TESTS FOR INORGANIC WEIGHTING 
MATERIALS 


The qualitative tests briefly described below provide for the detec. 
tion of aluminum, lead, phosphate, silicate, tin and zinc when any 
one or all are present. They are based upon those described in text. 
books ” of chemical analysis and were chosen for reliability, conven. 
ience as to length of time required, and simplicity of manipulation, 
The tests are useful only for the detection of substances commonly 
used for weighting according to present practices. When smal 
amounts of these substances are to be detected or additional or in- 
terfering ones are suspected of being present, the analyst should con. 
sult the references given in footnote 12. 

Detection of inorganic materials in silk.—Inorganic weighting ms- 
terials are conveniently detected by burning a small piece of the 
fabric. The ash will retain the form of the original threads if the 
material has been weighted with inorganic materials. A sample that 
is not thus weighted will curl back upon itself as it is burned and leave 
a soft black globular ash. 

Identification of inorganic weighting materials—(a) Preparation of 
the sample.—A piece about 4 by 10 inches is thoroughly wet with « 
solution containing 90 g of anhydrous sodium carbonate and 90 ¢ of 
anhydrous potassium carbonate, dissolved in 400 ml of water. Itis 
suspended over a beaker containing 30 ml of dilute (approximately 
10 per cent) hydrochloric-acid solution and partially dried by brushing 
the flame of a hand torch or Bunsen burner across it. It is then 
ignited by directing the flame on the lower edge. The fused portions 
are allowed to drop into the acid in the beaker. 

(b) Silica.—lf silicates are present, a white flocculent precipitate 
is formed when the acid solution from (a) is boiled. The solution is 
decanted and filtered and the residue in the beaker digested with 
about 10 ml of warm concentrated hydrochloric acid for about 1i 
minutes; this acid is poured through the filter paper and added to the 
filtrate, which is boiled with 5 ml of concentrated nitric acid, cooled 
neutralized with sodium hydroxide (25 per cent solution) and enough 
hydrochloric acid added to produce a clear solution. The solutions 
used for tests (c) to (g) described below. 

(c) Lead.—About 3 ml of the solution is neutralized with sodium 
hydroxide using phenolphthalein as an indicator. The solution 
then made just acid with hydrochloric acid and about 1 ml of water 
saturated with hydrogen sulphide is added. If lead is present, a gray 





12 Prescott, Albert B., and Johnson, Otis C., Qualitative Chemical Analysis, 7th ed., thoroughly revised 
436 pp., 1916. D. Van Nostrand Co., New York. Scott, Wilfred W., Standard Methods of Chemics! 
Analysis, 4th ed., vol. 1, 745 pp., 1925. D. Van Nostrand Co., New York. Hillebrand, W. F., and Lundell, 
G. E. F., Applied Inorganic Analysis, 929 pp., 1929. John Wiley & Sons (Inc.), New York 
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to black coloration is produced. (A yellow precipitate indicates the 
presence of tin.) If the sample of silk to be tested is light in color, 
it may be tested directly for lead by moistening it with water and 
xposing it to a jet of hydrogen sulphide gas. A change to gray or 
lack indicates the presence of lead. 

(d) Aluminum.—To about 3 ml of the solution, 4 ml of a saturated 
solution of ammonium chloride, % ml of alizarin (prepared by dis- 
olving 0.1 g of the dye, Colour Index No. 1034 in distilled water), 
and an excess of ammonium hydroxide are added. The mixture is 
veated to boiling, an excess of glacial acetic acid is added, and the 
mixture diluted. A red flocculent precipitate denotes the presence of 
iluminum. 

(e) Tin.—About 2 ml of the solution is neutralized with 25 per cent 
odium hydroxide and about five drops in excess added. The solu- 
ion is filtered, the filtrate acidified with hydrochloric acid, and a few 
rops of a 1 per cent water solution of cupferron added. A white 
recipitate indicates the presence of tin. 

(f) Zine.—About 3 ml of the solution is neutralized with 25 per cent 
sodium hydroxide, enough hydrochloric acid and water are added to 
produce a clear solution, and about \% ml of a 2 per cent solution of 

otassium ferrocyanide is then added. A white precipitate indicates 
the presence of zinc. 

(g) Phosphate—About 2 ml of the solution is neutralized with 
sodium hydroxide and the resulting solution is acidified with nitric 
cid. It is heated and then added to an equal volume of hot acid 
ammonium molybdate. A lemon yellow precipitate is formed on 
tanding if phosphates are present. 


WASHINGTON, July 25, 1932. 
141809—32——7 
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‘THE HEAT OF FORMATION OF HYDROGEN CHLORIDE 
' AND SOME RELATED THERMODYNAMIC DATA 


By Frederick D. Rossini 


x ABSTRACT 
The calorimetric experiments of the present investigation give for the change 

An heat content associated with the formation of gaseous hydrogen chloride from 
ts elements, at a constant pressure of 1 atmosphere, AH°o.;= —92.30+0.05 

Snternational kilojoules mole~'!, or — 22,063 + 12 g-cal.15 mole. 

» The existing data on the free energy and entropy of formation of gaseous hydro- 
ven chloride are shown to be in accord, within the limits of uncertainty, w ith the 
B hove result. This correlation consists in bringing together (1) data on the emf 
Mof certain cells, (2) data on the vapor pressure of hydrogen chloride over its 

aqueous solution and the activity of aqueous hydrogen chloride, and (3) values of 

Nentropy which have been calculated from the data of spectroscopy. 

© Values of the apparent and partial molal heat capacity, and heat content, for 

hydrogen chloride, and of the partial molal heat capacity, and heat content, for 

water, in aqueous solution of hydrogen chloride at 25° C., are given for the entire 

7 ange ‘of concentration. 

q The change in heat content associated with the solution of 1 mole of gaseous 

hydrogen chloride in an inflnite amount of water is calculated to be AH® o3.13= 

17,880 + 40 g-cal.;; mole ~. 

q The change in heat content for the formation of silver chloride from its ele- 
ments is given by: AH® 298.1= — 30,304 + 40 g-cal.;;mole~!. For mercurous chloride 

e corre sponding value is AH°o95.;= —31,580+ 45 g-cal.;5; mole7. 
The change in heat content for the formation, from its elements, of aqueous 

: ydroge n chloride at infinite dilution is given by: AH°o,;= — 39,943 + 40 g-cal.15 
Bnole- 

4 The free energy of formation of gaseous hydrogen chloride is calculated to be 

BAF? 193. 1= —22,775+ 12 g-cal.15 mole. 

» The entropy of aqueous hydrogen chloride, in a hypothetical 1 molal solution, is 

alculated to be: S°o8.1=18.40+0.15 g-cal.3; mole °C.-!. 
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I. INTRODUCTION 


It has seemed desirable for a number of years that a new measur. 
ment be made of the heat of formation of hydrogen chloride, a fund. 
mentally important chemical substance because it is one of the 
components of a number of chemical reactions having industri 
and scientific importance, and because the value of its heat of forms. 
tion is used in computing the heats of formation of practically all th 
metallic chlorides and of numerous other compounds. 

The usually accepted value for the heat of formation of gaseous 
hydrogen chloride is based jupon the work of Thomsen ! in 1873. 
The pioneer work of Abria,? and of Favre and Silbermann,’ gay 
values that are now obviously too high. The work of Berthelot 
is difficult to appraise because of the lack of information concerning 
his experiments. 

In effect, then, there is only one calorimetric investigation of the 
heat of formation of hydrogen chloride whose detailed data ar 
available for appraisal and recalculation, and that work was performed 
60 years ago. 

An accurate calorimetric value of the change in heat content, AH, 
for the reaction 

WH. (gas) + ¥Cl, (gas) = HCI (gas) (1 









is unusually interesting because of the opportunity it affords for corr 
lating the thermodynamic data on this reaction by means of the 
relation ® 

AH? = AF° + TAS° (2 


where AF° and AS°® are, respectively, the free energy and entropy 0 
formation. The value of AS®° is accurately known from the data 0! 
spectroscopy; ® and the value of AF® is obtained by combining dats 
on the emf of cells and the vapor pressure of hydrogen chloride ove 
its aqueous solution.’ Thus there is the interesting situation wher 
the values of AH°, AF°, and AS®° for the same reaction are obtained 
from totally independent sources: 

AH?°, from calorimetric measurements; 

AS°, from spectroscopic data; and 

AF*°, from emf and vapor-pressure data. 











1 Thomsen, J., Pogg. Ann., vol. 148, p. 177, 1873. 

2 Abria, Compt. rend., vol. 22, p. 372, 1846. 

3 Favre, P. A., and Silbermann, ig > Ann. chim. phys., vol. 34, p. 357, 1852. 

‘ Berthelot, M., Thermochimie (Gauthier- Villars, Paris), 1897. 

5 The thermodynamic symbols used in this paper will follow the nomenclature of Lewis and Ran(# 
Thermodynamics and the Free Energy of Chemical Substances (McGraw-Hill Book Co., New York 
1923 


6 Giauque, W. F., and Overstreet, R., J. Am. Chem. Soc., vol. 54, p. 1741, 1932. 
7 Randall, M., and Young, L. E., J. Am. Chem. Soc., vol. 50, p. 989, 1928. 
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These data should all agree, according to equation (2), within the 
limits of uncertainty of the weakest link in the chain. 

Another interesting correlation can be made on the change in heat 
content for reaction (1) and the following: 


Hz (gas) + %Cl, (gas) = HCl (aqueous) (3) 
HCl (gas) = HCl (aqueous) (4) 


) For reaction (3) AH° can be computed from data on the temperature 


coeflicient of the emf of cells, and for reaction (4) it is known from 
direct calorimetric measurements. The sum of the changes in heat 


\ content for reactions (1) and (4) should agree, within the limits of 


uncertainty, with the value of AH® for reaction (3). For this cor- 
relation there are required values of the apparent and partial molal 
heat content of hydrogen chloride in aqueous solution to infinite 


' dilution, and the heats of formation of silver chloride and mercurous 


chloride. 
With accurate values available for AH° and AF° it becomes possible 
to compute AS®° for reaction (3), and consequently to obtain an 


"accurate value of the entropy of aqueous hydrogen chloride in its 
* standard state of a hypothetical 1 molal solution. This quantity 
serves as & basis for the calculation of the entropies of aqueous ions 
according to the methods used by Latimer and his coworkers.® 


II. UNITS, FACTORS, ATOMIC WEIGHTS, ETC. 


The fundamental unit of energy employed in the present calori- 


' metric experiments is the international joule based upon standards 
» of emf and resistance maintained at this bureau.® 


The conversion factors used throughout this paper are: 


1 international joule =1.0004 absolute joules 

1 g-cal.,, = 4.185 absolute joules 

R (gas constant) = 1. 9869 g-cal.,; °C7! 

F (Faraday constant) = 23,067 g-cal.,, (international volt- 
equivalent)~! 


The atomic weights of hydrogen and chlorine are taken from the 


| 1932 report of the International Committee on Atomic Weights: 
H, 1.0078; Cl, 35.457. 


» II. CALORIMETRIC DETERMINATION OF THE HEAT OF 
} FORMATION OF HYDROGEN CHLORIDE 


1. METHOD AND APPARATUS 


The same calorimetric method and apparatus as were employed in 


f determining the heat of formation of water were used in the present 
| investigation, with the exception that an automatic photo-electric 
| Ttegulator was used to maintain the temperature of the jacket constant 





’ Latimer, W. M., and Ahlberg, J. A., J. Am. Chem. Soc., vol. 54, p. 1900, 1932. References to the earlier 


| publications are given in this paper. 


* For a report on the international comparison of electrical standards, see Vinal, G. W., B. 8. Jour. Re- 


a Search, vol. 8, p. 448, 1932. 


*J. Am. Chem. Soe., vol. 54, p. 1269, 1932. 
' Rossini, F. D., B. S. Jour. Research, vol. 6, p. 1, 1931; vol. 7, p. 329, 1931. The flow meters were 


Be , Ne ; ; 
> ‘emoved from their previous positions and placed in the waste lines. 
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to +0.001° C.” A platinum resistance thermometer, placed unde 
the stirrer and heater in the water of the calorimeter jacket, served ag 
one arm of a Wheatstone bridge whose unbalancing caused a shifting 
of a beam of light (reflected from a galvanometer mirror) on or off the 
photo-electric cell, which resulted in actuation of the relay and con. 
sequent stopping or starting of the regulatory flow of electrical] 
current through the heater of the calorimeter jacket. 

The calorimetric method is substantially the same as that of Thon. 
sen. Chlorine is burned in an atmosphere of hydrogen, and the 
amount of reaction is determined from the mass of hydrogen chloride 
formed. 

2. CHEMICAL PROCEDURE 


(a) CHLORINE 


Pure chlorine was obtained by decomposing potassium chloroplati- 
nate which was carefully prepared from pure platinum, potassium 
chloride, and hydrochloric acid according to the procedure recom. 
mended by Noyes and Weber * in their work on the atomic weight of 
chlorine. The following reactions indicate the nature of the process 
used in the present investigation: 


Pt (solid) +6 HCl (aqueous) =H,PtCl, (aqueous) +2 H, (gas) (5) 


H,PtCl, (aqueous) + KCl (aqueous) = K,PtCl, (solid) + 2 HCl 
(aqueous) (6) 


K,PtCl, (solid) =2 KCl (solid) + Pt (solid) +2 Cl, (gas) (7) 


Each of the above reactions is practically complete and not com- 
plicated by any side reaction. The required reagents, platinum, 
potassium chloride, and hydrochloric acid, are obtainable in a very 
pure state. . 

Pure platinum was obtained from the platinum metals section of 
this bureau. It had been prepared according to the methods de- 
scribed by Wichers, Gilchrist, and Swanger." 

The potassium chloride was made by recrystallizing twice the best 
‘“‘reagent quality”’ potassium chloride. The most probable impurity 
in this material would be bromine, and tests indicated that this was 
present to the extent of 1 mole in 50,000 moles of potassium chloride." 

Aqueous hydrogen chloride was obtained by treating the best 
“reagent quality”? hydrochloric acid with chlorine (made by the 
action of hydrogen chloride upon potassium permanganate) and then 
boiling off the dissolved chlorine. Tests of this aqueous hydrogen 
chloride indicated that the bromine present must have been less than 
1 mole in 100,000 moles of hydrogen chloride. 

The preparation of the chloroplatinic acid was carried out in the 
electrolytic cell of Weber, according to his directions, except that 4 
current of 6 to 7 amperes instead of 10 was used.'® 





12 This regulator was of the type that has been described quite frequently in the past few years (see fat 
example (a) Southard, J. C., and Andrews, D. H., J. Frank. Inst., vol. 207, p. 323, 1929; (b) Scott, R. B. 
and Brickwedde, F. G., B. 8. Jour. Research, vol. 6, p. 401, 1931; (c) Beattie, J. A., Rev. Sci. Inst., vol. 2 
p. 458, 1931). The author is indebted to E. N. Bunting for assembling the circuit of vacuum tubes, photo 
electric cell, and relay. 

13 (a) Noyes, W. A., and Weber, H. C. P.,J. Am. Chem. Soc., vol. 30, p. 13, 1908; B. S. Bull., vol. 4 
p. 345, 1907-8. (b) Weber, H. C. P., J. Am. Chem. Soc., vol. 30, p. 29, 1908; B. S. Bull., vol. 4, p. 365, 1907-5. 

14 Wichers, E., Gilchrist, R., and Swanger, W. H., Trans. Am. Inst. Mining Met. Eng., vol. 76, p. 602 
1928 


16 The tests for bromine were made according to Noyes, A. A., Qualitative Chemical Analysis (Macmillat 
Co., New York, N. Y.), 1925. ; 

16 The construction of the electrolytic cell had been improved by Edward Wichers, and the author’ 
amenee A indebted to him for his advice with regard to the preparation of the chlorine used in the preset! 
nvestigation. 
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The potassium chloroplatinate was made according to reaction (6), 
following the directions of Noyes and Weber except that the salt was 
washed with water only. The potassium chloroplatinate was then 
placed in an oven at 110° C. for several days to remove most of the 
5 moisture. 

For carrying out reaction (7) the apparatus shown in Figure 1 was 
fused. A is the furnace with electrical resistance heater; B is a silica 
flask containing the potassium chloroplatinate; C is a silica to Pyrex- 
glass seal; D is a trap for catching any potassium or platinum chlorides 
'which might be volatilized; # is a condensing tube for collecting the 
‘chlorine; Gis a connection to the vacuum system, which consists of a 
mercury vapor pump (properly trapped with liquid air) backed by 
fan oil vacuum pump; K is a vacuum-tight Pyrex glass-to-copper 



































Fiaure 1.—Apparatus for preparing pure chlorine 
The description is given in the text 


)seal; F is the Monel-metal container, having a Monel-metal dia- 
» phragm valve, in which the chlorine was finally stored. 

— The potassium chloroplatinate was heated to about 300° C. and 
| the system kept evacuated to 0.0001 mm mercury for about three 
/ days. This was done to remove the last traces of water and hydrogen 
» chloride from the solid. Then the constriction at H was sealed off. 
» The flask B was heated to about 750° C. and liquid air placed around 
| the condensing tube / where chlorine slowly began to collect as a 
/ solid. When chlorine no longer came over, the constriction at J was 
;sealed off. The solid chlorine in E was liquefied and then distilled 
into the container F’, the lower end of which was cooled with liquid air. 
» When all but a small amount of the chlorine was collected in F, the 
) valve N was closed and the glass system was broken at M. The 
) chlorine container F was then sealed to the glass line leading to the 
» calorimeter. 
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A sketch of the chlorine container and valy, 
is shown in Figure 2. A is the cylindrica) 
body of the container. The end plugs B and( 
are screwed and silver soldered in place. The 
connecting tube D is screwed and silver gol. 
dered to the plug C and tightly connected ty 
the valve F by means of the metal-to-met,| 
connection at EH. The valve F, which has aj. 
ver diaphragm and in which closures are mad 
with Monel metal to silver seats, is one of the 
type used in the calorimetric researches oy 
steam by Osborne, Stimson, and Fiock."” Gis 
the exit tube which is lead soldered to the 
body of the valve. The parts A, B, C, D,F 
and Gare all made of Monel metal. The short 
copper tube H is lead soldered to the tube G." 
At J is a vacuum-tight seal of Pyrex glass to 
copper. 

In order to select the material of which the 
container and valve were to be made, an exper- 
iment was made to determine the relative reac- 
tivity of gaseous chlorine to various metals, 
In one end of a Pyrex glass inverted U tube 
(about 12 by 12 inches) were placed piece 
of platinum, silver, Monel metal, steel, brass, 
and phospher bronze. To the other end of 
the U tube was sealed a small quartz tube 
containing a small amount of potassium chlo- 
roplatinate. The entire tube was evacuated 
to a pressure of about 2 mm of mercury, and 
the potassium chloroplatinate was then decon- 
posed to give a pressure of 1 to 2 atmospheres 
of chlorine in the tube (which probably con- 
tained also a very small amount of water v:- 
-A por). After a period of about six months, 

visual inspection of the tube, which had been at 
room temperature, showed that the platinum 
and Monel metal were apparently unaffected 
by the chlorine, the silver and brass were very 
slightly coated with chloride, and the phos 
phor bronze and steel showed considerable 
evidence of reaction. When at the end of the 
first series of reaction experiments, which are 
to be described later, the Monel-metal valve 
was taken apart, the silver diaphragm an¢ 
seat, as well as the Monel-metal surface 0! 
the interior of the valve, were found to have 
been unaffected by the chlorine. 























































? Osborne, N. S., Stimson, H. F., and Fiock, E. F., B. 8. Jout. 
Research, vol. 5, p. 411, 1930. The success of the present experiment# 
|B investigation was in large measure due to having a suitable contain 

and valve for handling the chlorine, and the writer is greatly indebte: 
; to the heat measurements section for the loan of the Monel-metal dis 
Figure 2.—Chlorine con- phragm valve and the Monel-metal tube from which the containt! 

. ; ; was made. 
tainer with diaphragm valve 18 The use of lead solder eliminates the possibility of forming the cot 
The descriptionisgiveninthe text. paratively volatile stannicchloride. 
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(b) HYDROGEN 


The hydrogen used in the present investigation was taken from a 
cylinder of commercial electrolytic hydrogen. Oxygen was removed 
from this gas by passage through a tube containing asbestos, impreg- 
inated with palladium, and quartz, impregnated with platinum, at 
about 500° C. Before entering the calorimeter, the gas then passed 
isuccessively through ‘‘Ascarite”’ (a sodium-hydroxide asbestos mix- 
ture), “‘Dehydrite”” (Mg(ClO,).-3H,O), and phosphorus pentoxide. 

Analyses of the hydrogen gas as it would enter the reaction chamber 
were made by the gas chemistry section. That part of the gas which 
was nonootitraatible with oxygen was found to be 0.0+0.1 per cent. 


A test for the presence of carbon compounds in the hydrogen was 
made by burning it with a special sample of oxygen") and testing the 
exit gases for carbon dioxide. None was found. 


(c) DETERMINATION OF THE AMOUNT OF REACTION 


' The amount of reaction in each combustion experiment was deter- 
mined by absorbing the hydrogen chloride in ‘‘Ascarite.”’ 

» With the absorber filled with hydrogen at 1 atmosphere and 25° 

»C., and with brass weights in air, the true mass ” of hydrogen chloride 
sabsorbed is 


iS 


Mac =(0.99991Am (8) 


‘where Am is the observed increase in weight of the absorber, corrected 
ifor the small amount of unburned chlorine which was also absorbed. 
The determination of this latter quantity is described on page 686 of 
this paper. 

In its passage from the container to the reaction chamber, the chlo- 
rine traversed one 2-way stopcock, which served to permit wasting 
inmediately before the ignition and after the extinction of the flame, 
and two small ground-glass joints. Phosphoric acid was used to 
lubricate the stopcock and the two ground joints, the latter being 
lubricated anew for each experiment. With hydrogen gas flowing 
through the stopcock and ground joints so lubricated, a carefully 
sweighed absorber connected to the exit end of the reaction chamber 
showed constancy of weight (+0.1 mg per experiment, which is 1 
part in 50,000). 

The two ground joints on the exit side of the reaction chamber 
were lubricated with the same lubricant as previously used for non- 
ireactive gases. In order to make sure that the lubricant on these 
two small ground joints would take up no appreciable amount of 
hydrogen chloride, the lubricant, spread over a large area, was ex- 
posed to hydrogen-chloride gas for the time of a calorimetric reaction 
experiment, and its change in weight determined. It was calculated 
that under the conditions of a calorimetric reaction experiment, the 
;amount of hydrogen chloride taken up by the lubricant on the two 
ground joints was about 0.03 mg, or 1 part in 200,000. 

Several experiments were made to determine the completeness of 
the removal, by the “‘Ascarite,” of hydrogen chloride from the gas 
leaving the reaction vessel. In one experiment a concentrated 
aqueous solution of silver nitrate was placed beyond the absorber. 


9 See footnote 11, p. 681 
” See footnote 11, p. 681. 
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In another experiment a second absorber, carefully weighed, was 
placed in series with the first absorber. In both these experiments 
no hydrogen chloride passed the first absorber with the gas flowing 
at three or four times the rate actually used in the calorimetry 
experiments. 


3. CALORIMETRIC PROCEDURE 
(a) ELECTRICAL ENERGY EXPERIMENTS 


These experiments were performed, as nearly as possible, over the 
same temperature range and with the same rate of temperature rig 
as the combustion experiments. The description of the procedure for 
the electrical energy experiments has already been given.”! 

The results of the electrical energy experiments are given in 
Table 1. The “error,” computed ” as 




































TV \2 
\ oe ° 
+2 sr, is + 0.014 per cent 
n(n—1) 
TaBLE 1.—Calorimeiric resulis of the electrical energy experiments for hydrogen 
chloride 
| Elec: 
Aver- . trica 4 
E 7 At age | Elec- Foe ay equiva- _ 
atNo.| 42 k u K U tem-| trical |"otor | lent of | som 
pe ENO: corr | pera-|energy) y ator |calorim-| 15) 
ture eter 
| system? 
Int. 
Int. joules | joules 
min, —! ohm ohm °C. |° C.| joules g we, 7° 'C. 4 
—0. 00000840. 002819] —0. 000235/0. 97044) 30. 00/14, 988. 3/3, 620. 53/15, 359.1) 27 
—. 0000035] . 002810} —. 000098] . 96557| 30. 00/14, 884. 0/3, 614. 38]15, 354.7) —1.7 
. 0000024] .002783}  . 000067| . 97455] 30. 00/15, 009. 2/3, 611. 53/15, 353.1) —3.3 
. 0000015] .002577} . 000039} . 96225) 29. 99]14, 832. 4/3, 614. 38]15, 354.3) 19 
—. 0000032} . 002617} —. 000083} . 96071) 29. 99|14, 841. 5|/3, 621. 98/15, 356. 8 6 
. 0000003} . 002635} . 000008) . 95975) 29. 99)14, 811. 1/3, 617. 38/15, 359.7} 3.5 
SP a. a! TRE OS PAA ety 15, 356.3) +23 





























1 The time of electrical energy input was 1,320.00 seconds in experiments 1, 2, and 3, and 1,200.00 seconds in 
experiments 4, 5, and 6. 
2 Corrected to 3,600.00 g of water and an average temperature of 30.00° C. 


(b) FIRST SERIES OF REACTION EXPERIMENTS 


The amount of chlorine unburned during the time of ignition and 
extinction of the flame, was determined in ‘“‘correction’’ experiments 
which consisted in ignition, burning for one or two seconds, and then 
extinction of the flame. The following data were required: (1) The 
increase in mass of the absorber, (2) the total energy imparted to 
the calorimeter by the reaction and the sparking operation (deter- 
mined from the corrected temperature rise of the calorimeter and its 
electrical energy equivalent), and (3) the “spark” energy. 

The ‘‘spark”’ energy was determined in two separate experiments 
to be 10.3+0.1 joules for each sparking time of five seconds. From 
the energy imparted to the calorimeter by the reaction, which was 
the total energy less the “‘spark’’ energy and the “gas” energy,” 
the amount of hydrogen chloride formed was calculated. The differ- 





*1 See footnote 11, p. 681. #2 See footnote 11, p. 681. %3 See footnote 11, p. 681. 
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ence between the mass actually taken up by the absorber and the 
mass of hydrogen chloride formed gave mg, the mass of unburned 
chlorine. 
In the first series of reaction experiments the chlorine which was 
in the burner tube at the time the flow of chlorine was cut off was 
not burned out, and consequently the value of mo, for these experi- 
| ments is relatively large, being about one-half per cent of the total 
mass absorbed. The results of the ‘‘correction’’ experiments of the 
first series to determine the value of mg, are given in Table 2. 
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| TasLE 2.—Calorimetric results of the correction experiments for hydrogen chloride, 
first series 
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Devia- 4 
i & The calorimetric results of the first series of reaction experiments 
men J are given in Table 3. All the symbols are defined and explained in 
» an earlier paper. The only change from previous procedure was 
—— © that the chlorine gas coming from the Monel metal container passed 
joula through a coil (about 9 feet long) of glass tubing immersed in a water 
~ bath maintained at the temperature of the room. 
L7 
3.3 TaBLE 3.—Calorimetric resulis of the reaction experiments for hydrogen chloride, 
bay jirst series 
3.5 ee | an 5 ee Be aah wee 
+23 | | Average 
@ Experiment No. AR k u se. | U Atcorr temper- 
4 | ature 



































ohm min-! | ohm min- ohm ohm ° “C, 
By cick paadiahinles Gisele coor eenicacans eae 0. 094404 | 0.001963 | 0. 0000038 | 0.002473 | 0.000106 0. 91157 30. 90 
BE Dsuscus cen bw hea wepearhibe wereld . 093969 . 001923 |—. 0000040 , 002461 |—. 000112 . 90954 30. 00 
ics nice Te aa ae . 095208 . 001957 . 0000001 . 002422 | . 000003 . 92109 30. 00 
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The # Experiment No. of calori- 1 otal Gas . Spark HCl latmos-| from 
A energy energ energy 
| to ee meter ere By 8 formed phere | mean 
! Pe system | 
ter- 
* a | 
1 its x Int. joules Int.joules| joules 
ss °C.-1 {Int.joules| joules joules mole mole-1 | mole-! 

_ | Ee eels eet See 15, 418.2 | 14, 054.8 39. 2 10.3 | 0. 152679 92, 243 | —143 
EE EES Ce ES ene 15, 494.4 | 14, 092.8 40.4 10.3 | .152770 92, 445 | 59 
“om fe Ginsvcccsnaadecomsemorcbea 15, 432.0 | 14, 214.3 43. 8 10.3 | .154078 | 92, 471 | 85 
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fi 4 See footnote 11, p. 681. 
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(c) SECOND SERIES OF REACTION EXPERIMENTS 


In the second series of reaction experiments the chlorine remaining 
in the burner tube was all burned out by mixing hydrogen with the 
chlorine stream before the latter was cut off. This mixing wa 
accomplished by opening the tube connecting the hydrogen and chlo. 
rine lines at their entrance into the calorimeter. Because of this 
improvement in the procedure, the value of mc; for the second series 
of reaction experiments was only about one-sixth of that for the first 
series, or about 0.08 per cent of the total mass absorbed; and a much 
greater precision was obtained in these experiments. 

The results of the “‘correction”’ experiments of the second series are 
given in Table 4. 


TABLE 4.—Calorimetric results of the correction experiments for hydrogen chloride, 
second series 








Number of 

ignitions Total ‘ “g 9) 6 » | Mass of | mci per 

Experiment No and extine- | mass ab- Pritoned a ae , | hydrogen) experi- 

tions of | sorbed By B: BY | chloride | ment 

flame 
g Int, joules Joules joules 9 q 

a. i 3 0. 1652 412.1 30.9 —0.5 0. 1508 0. 0048 
b. - 3 . 1694 423.0 30.9 —0.7 - 1552 . O47 


























The calorimetric results of the reaction experiments of the second 
series are given in Table 5. 


TaBLE 5.—Calorimetric results of the reaction experiments for hydrogen chloride, 






































second series 
os ay 7 eo bj is peed inky bah ee | 
| Average 
Experiment No SR | k u K U Atecorr. | tempera- 
| | | ture 
a sea ee Se see ee ae 
| | | 
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F_ _ | . 089307 . 002035 . 0000022 . 002792 . 000062 . 85825 30. 
G i -| - 067365 ) - 001927 - 0000018 00271 56 . 000043 . 64095 29. 85 
Mean = + q | 
| } | | 
| Electrical | ’ | | Mass of | Qs00c | Devia- 
. a r | equivalent Total “Gas” | “Spark” | sera BOCs» nde 
Experiment No. | of calorime-| energy energy | energy Rao 1 nag _— frot 
ter system | prere ss 
| 
seinen Ds es eee om enero i 
Int. joules | Int. joules | Joules 
a e Int.joules| Joules Joules Mole mole-1 mole 
i kes 15,415.3 | 14,649. 8 38. 5 | 10.3 | 0. 159049 92, 286 x 
E | 15, 433. 8 | 14, 905. 2 19. 7 10. 3 . 161479 92, 363 +55 
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4. RESULTS OF THE PRESENT INVESTIGATION 





The results of the experiments of the present investigation art 


shown in Figure 3. 


This plot indicates clearly the increased precisiou 
obtained in the second series of reaction experiments and the relation 
of each result to the average value from the second series. 


































[V0.9 HM roasinil Heat of Formation of HCl 
For the second series of reaction experiments the ‘‘error’’ 
Lining ——55 
fei 
h the +2 Vz 
> Was n(n—1) 
chlo. is computed to be + 0.039 per cent. Combination * of this with the 
this Mee | = . ; 
lS HS ‘orror’” of the electrical energy experiments gives a resultant error of 
aioe 0,041 per cent, or +38 joules per mole. 
ah oa The total uncertainty in the average value of the second series is 
much i estimated to be not more than + 50 joules per mole. 
. ' The present experiments give, then, for the heat evolved in the 
© are TS reaction ‘ 
e 1/2 Hz (gas) + 1/2 Cl, (gas) = HCl (gas) (9) 
loride, 
Ler per 
Xperi- 
ment 
g 
0. 0048 
. OO47 
cond 
oride, 
a i 
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EXPERIMENT NUMBER 























°C, ‘ . ‘ 
30. 0 FiagurE 3.—Plot of the experimental results for the heat of formation of gas- 
4 eous HCl, from the present investigation 
29, 8 a The scale of ordinates gives Q, the heat of formation of gaseous HC] from its elements, at 30° C. and a 
» constant pressure of 1 atmosphere, in international kilojoules mole™. 
© Onthe scale of abscissae are shown the individual values: A, B, C, the first series; and D, E, F, G, the 
= second series. The circles indicatetthe relative precision for the two series, and the horizontal line, at 
» 92.308, gives the average value from the second series. 
Via- s 
ifrom J at 30° C. and a constant pressure of 1 atmosphere 
~ Qsooc, = 92,308 + 50 international joules mole! (10) 
Ee , ° t F 
ve [ee =«nce AC, = aT —1.7 joules mole °C.~', the value for 25° C. 
le a 
F and 1 atmosphere becomes 
a Qosec. = 92,300 + 50 international joules mole"! (11) 
| Using the factor 1.0004/4.185, this is equivalent to 
# Qosec, = 22,063 + 12 g-cal.,; mole. (12) 
5. THE RESULTS OF EARLIER INVESTIGATIONS 
ar  .AS has already been noted, calorimetric determinations of the heat 
ion 0! formation of hydrogen chloride have been made by Abria,” Favre 
ne and Silbermann,” Berthelot, and Thomsen.”” The results obtained 








% See footnote 11, p. 681. 27 See footnote 3, p. 680. 29 See footnote 1, p. 680. 
* See footnote 2, p. 680. %8 See footnote 4, p. 680. 
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by Abria, and by Favre and Silbermann are, respectively, about 1) 
and 8 per cent higher than the values obtained by the later invest. 
gators, and may be disregarded in view of the more concordant wor 
of later investigators who had the advantage of purer materials an( 
better calorimetric technic. There are no details of Berthelot’s ey. 
periments, though his value is practically identical with that of 
Thomsen. 

Thomsen published complete details of his four experiments on 
hydrogen chloride. The writer has recomputed Thomsen’s data in 





92.4 yore “Tne 
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91.8 oanees ssa 








2A I 
Fiaure 4.—Plot of the various values for the heat of 
formation of HCl 


The scale of ordinates gives Q, the heat evolved in the formation of 1 mole of gaseous HC] from its elements, 
at 25° C. and a constant pressure of 1 atmosphere, in international kilojoules mole ~. 
The circles give the estimated uncertainties for values from the following sources: 7’, calorimetric exper! 
ments of Thomsen. X, calculation by way of the free energy and entropy of formation of gaseous HC. 
R, calorimetric experiments of the present investigation. 


the light of modern atomic weights and units of energy, and obtains 
as the average value 


Qosec, = 91.96 + 0.14 international kilojoules mole ~ (13) 


Heat of Formation of HCl 691 


he “error” is estimated from the consistency of Thomsen’s data, 
gether with the assumption of a calibration error of 0.10 per cent. 
There still remains the possibility of there being an unknown syste- 
matic error in the above value. 

The values from the various investigations are as follows, in inter- 
national kilojoules per mole at 25° C. and 1 atmosphere: 


‘ 91. 96+0. 14 
Present investigation _-—____-_-_- Ce nites ic. a Mite _... 92.30+0. 05 
In Figure 4, the value from Thomsen’s data is shown in relation 
o the result obtained in the present investigation. The circles show 
he estimated uncertainties. 


§. CORRELATION OF THE PRESENT DATA ON HEAT CONTENT WITH 
EXISTING DATA ON THE FREE ENERGY AND ENTROPY OF FORMA- 
TION OF HYDROGEN CHLORIDE 


For the reaction 
1/2 H, (gas) +1/2 Cl, (gas) = HCl (gas) (14) 
ithe present investigation gives 


AH 1 = — 92,300 + 50 international joules mole“ (15) 


AFog8.1 se — 22,063 +12 g-cal.i. mole™! (16) 


The reference or standard state * used in calculating the values of 
entropy and free energy of a gas is that of an “‘ideal’’ gas where the 
fugacity is 1 atmosphere. In this state the heat content is the same 
as that of the real gas at zero pressure. <A knowledge of the p-v-T 
relations suffices to permit computation of AH for the above reaction 
with the gases in their standard states by means of the relation 


oH\ _,, (ov 
(Sp),-¥- (37), a7 


But the necessary P-V-7 data for chlorine and hydrogen chloride are 
not available. A calculation employing the Berthelot equation of 
state, which requires only a knowledge of the critical temperature and 
tpressure for each gas, shows that, although appreciable for chlorine 
fend hydrogen chloride separately, the change in AH for reaction (14) 
from a pressure of 1 atmosphere to a fugacity of 1 atmosphere is only 
about 0.01 per cent of the value of AH. Without additional informa- 
‘tion this correction can for the present be neglected, as it is less than 
the uncertainty in the value of AH, and one can write 


AH? w9¢.1= — 22,063 + 12 g-cal.ys mole™ 8) 


The values of the entropies of hydrogen, chlorine, and hydrogen 
chloride (less the entropy of nuclear spin) have been calculated very 
accurately from the data of spectroscopy by Giauque,” and Giauque 


” See footnote 5, p. 680. 1 Giauque, W. F., J. Am. Chem. Soc., vol. 52, p. 4816, 1930. 
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and Overstreet.» The values of S23, in g-cal.;; mole~ °C. —) are: 
Hz, 31.225; Cl,, 53.310; HCl, 44.658. Then for reaction (14) 


AS 298.1 = 2.390 g-cal.;5 mole! °C7! 


For the present calculations the uncertainty in this value is negligible, 
The value of AF° for reaction (14) is best obtained * by combining J Late 
the data for the following reactions: som: 
foun 

1/2 H, (gas) + AgCl (solid) = HCl (aqueous) + Ag (solid) (20) 


Ag (solid) +1/2 Cl, (gas) =AgCl (solid) (21) 

HCl (gas) = HCl (aqueous) (2! 
The value for the free energy change in reaction (20) is obtained 
from the standard emf of the cell in which reaction (20) occurs. The 
best values are: ** Randall and Young, 0.2221; Harned and Ehlers, 
0.2224; Carmody, 0.2223; Spencer, 0.2222. These give 
Ex 1 = 0.2222 international volt (23) 
The uncertainty in this value is about 0.0002 volt. Then, for reac- 
tion (20) 
AF x08 1 _ — 5,125 +5 g-cal.15 mole =! (24) 
Randall and Young * conclude that the best value for the emf of 
the cell in which reaction (21) occurs is that given by Gerke * who 
finds, with chlorine at a pressure of 1 atmosphere, 
E2298. 1 = 1.1362 international volts (25) 
Correcting the chlorine to a fugacity of 1 atmosphere,” one finds 


E° 298.1 = 1.1363 international volts (26) 


The uncertainty in this value can be taken as 0.0004 volt. Therefore, 
for reaction (21) 


AF °a98..1 _ — 26,211 +9 g-cal. 15 mole ~! 


The value of AF® for reaction (22) can be calculated from the ratio 
of p2, the vapor pressure of hydrogen chloride over its aqueous solution, 
to de, the activity of hydrogen chloride in that solution: 


AF = — RTnt? (28) 


Lewis and Randall * reviewed the data on the vapor pressure of 





32 Giauque, W. F., and Overstreet, R., J. Am. Chem. Soc., vol. 54, p. 1731, 1932. 

% See footnote 7, p. 680. 

% (a) See footnote 7, p. 680; (b) Harned, H.S., and Ehlers, R. W., J. Am. Chem. Soc., vol. 54, p. 1350, 
1932; (c) Carmody, W. R., J. Am. Chem. Soc., vol. 54, p. 188, 1932; (d) Spencer, H. M., J. Am. Chem. 
Soc., vol. 54, p. 3647, 1932. 

3s See footnote 7, p. 680, 

% Gerke, R. H., J. Am. Chem. Soc., vol. 44, p. 1684, 1922. 

7 See p. 499 of the reference given in footnote 5, p. 680. 

48 See p. 503 of the reference given in footnote 5, p. 680. 





ossmnt| Heat of Formation of HCl 693 


hydrogen chloride over its aqueous solution, and the activity of 
aqueous hydrogen chloride, and concluded that 


P2_4.41X107? (29) 
a2 


Later, Randall and Young * recomputed this value, having available 
some few new data on vapor pressure and better values for a, and 
found 


P2_4.97x1077 (30) 
a2 


This value is 13 per cent higher than the previous one. Assuming 
the uncertainty in the latest value to be about 5 per cent, then, for 
reaction (22) 
AF ° og, = 8,598 + 30 g-cal. ;; mole’ (31) 
Combination of AF° for reactions (20), (21), and (22), gives for reac- 
tion (14) 
AF ° 293.1 = — 22,738 + 33 g-cal. ;; mole (32) 


Then from equations (2), (19), and (32) one finds for reaction (14) 


AH 95.1 = — 22,026 + 33 g-cal. ,; mole (33) 


AH x93 1 = — 92.14 +0.14 international kilojoules mole! (34) 


which agrees, within the limits of uncertainty, with the value obtained 
from the present calorimetric experiments 


AH° 03.1 = — 92.30 + 0.05 international kilojoules mole! (35) 


The values are shown together in Figure 4. 


IV. CALCULATION OF SOME RELATED THERMODYNAMIC 
DATA 


1. THE APPARENT AND PARTIAL MOLAL HEAT CAPACITY OF 
HYDROGEN CHLORIDE AND THE PARTIAL MOLAL HEAT CAPACITY 
OF WATER IN AQUEOUS SOLUTION OF HYDROGEN CHLORIDE 


_ In order to calculate the temperature coefficient of reactions involv- 
ing aqueous hydrogen chloride, it is necessary to know the apparent 
and partial molal heat capacities. The apparent molal heat capacity, 
®., is calculated from the experimental data on the heat capacity of 
hydrogen chloride solutions by the methods already described. 
When ®, has been determined as a function of m'”, the square 


root of the molality,’ then Ou the partial molal heat capacity of 
hydrogen chloride, and C, the partial molal heat capacity of water, 
are derived from the relations: 





# See footnote 7, p. 680. 

“ (a) Randall, M., and Rossini, F. D., J. Am. Chem. Soc., vol. 51, p. 323, 1929. (6) Rossini, F. D., 
B. 8, Jour. Research, vol. 4, p. 313, 1930; (c) vol. 7, p. 47, 1931. 

“\ m is the number of moles of solute per 1,000 g water. 


141809—32 8 
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=~ d®, 

C,,=2.+ 1/2m' "+R (36) 

~ nT m , de, zi 

C,,—C>, = ~ 55"tag( 1/2m'" Tas) (37) 

6°.=0,,° (38) 


For the present compilation of the thermal data on aqueous hydro. 
gen chloride, it is desired to obtain values of ®, over as large a range 
of concentration as possible. In a previous paper,” the present author 
reviewed the existing data from the dilute region of concentration to 
about 2 molal. To these data can be added the values for the more 
concentrated solutions and some new data for the dilute region. 





0 


-20 





eo 20% 8 
-40 } i ! 
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Figure 5.—The apparent molal heat capacity of HCl in aqueous solution of 
HCl at 25° C. 


The scale of abscissae gives the square root of the molality. 

The scale of ordinates gives ., the apparent molal heat capacity, for HC] in aqueous solution of HCl at 
25° C., in g-cal. per mole. 

The points designate values (corrected to 25° C.) from the data of the following investigators: ORichards 
and Rowe; (Richards, Mair, and Hall; AT homnen: OThorvaldson, Brown, and Peaker; @Wrewsky and 
Savaritzky; ‘AMarignac; @ Randall and Ramage; and, 4 Gucker and Schminke. 


In Figure 5 are plotted values*of ©, for aqueous hydrogen chloride 
atj25° C. calculated from the data of the following investigators: 
Thomsen * at 18° C.; Marignac “ at 22° C.; Richards and Rowe “* 
at 18° C.; Wrewskyfand Kaigorodoff * at 20.5° C.; Randall and 
Ramage “ at 25° C.; Richards, Mair, and Hall* at 18° C.; — ald- 
son, Brown, and Peaker * at 18° C.; Gucker and Schminke ® at 25° C. 
The last-named investigators reported directly values of Ny Where 
the data of thefabove experimenters were obtained at temperatures 
other than 25° C., they were corrected to 25° C., by means of the 
temperature coefficient of ®, previously given by the present author.” 

The heavy black line in Fi igure 5 represents the linear relation be- 
tween ®, and m? previously | eyo by the present author for 
aqueous hydrogen chloride at 25° C., for the range from infinite dilu- 
tion to about 2 molal. iiepeetion of the plot shows that this relation 





42 See footnote 40 (c), p. 693. 
 “@ Thomsen, J., Ann. Physik, vol. 142, p. 337, 1871. 
a Marignac, Cc. Ann. chim. phys., vol. 8, p. 410, 1876. 
pg “ Richards, T. W., and Rowe, A. 8., J. Am. C hem. Soc., vol. 42, p. 162, 1920. 
; * Wrewsky, M., and Kaigorodoff, A, Z. physik, Chem., vol. 112, p. 83, 1924. 
47 Randall, M., and Ramage, L. E., J. Am. Chem. Soc., vol. 49, p. 93, 1927. 
48 Richards, T. W., Mair, B. J., and Hall, L. P., J. Am. Chem. Soc., vol. 51, p. 727, 1929. 
“ Thorvaldson, T., Brown, W. G., and Peaker, C. R., J. Am. Chem. Soc., vol. 52, p. 3927, 1930. 
% Gucker, F. T., and Schminke, K. H., J. Am. Chem. Soc., vol. 54, p. 1358, 1932, 
51 See footnote 40 (c), p. 693. 
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represents the data very well over the entire range of concentration, 
though there is apparently some question as to the extrapolation to 
infinite dilution.” 
Then for acqueous hydrogen chloride at 25°C. 
@,= —32.5+7.2 mg-cal. mole! °C.~! (39) 


TY 


yp = —32.5+ 10.8 m'@g-cal. mole? °C.~ (40) 
C, 


The temperature coefficients of the above quantities can be taken as 


G,,° = — 0.065 mg-cal. mole! °C. me 


1 


db, dC;, 2.0 peer 
aT dr 7 g-cal. mole! °C. (42) 
aG,,—-3,,°) 
dT 
Equations (42) and (43) are approximations for the temperature 
range 10° to 35° C. 





=0 (43) 


2. THE APPARENT AND PARTIAL MOLAL HEAT CONTENT OF HYDRO- 
GEN CHLORIDE AND THE PARTIAL MOLAL HEAT CONTENT OF 
WATER IN AQUEOUS SOLUTION OF HYDROGEN CHLORIDE AT 25° C. 


In order to correlate the existing data on the heat of solution of 
hydrogen chloride and the heat of formation of aqueous hydrogen 
chloride with the present data on the heat of formation of gaseous 
hydrogen chloride, it is necessary to have values of ®,—®,°, the 
relative apparent molal heat content, for aqueous hydrogen chloride. 
These values can be easily determined from data on heat of dilution 
by the procedure previously employed by the present author.® 
The method consists simply in plotting the values of the measured 
heats of dilution as ordinates with the square root of the molality 
as the scale of abscissas. The intercept at m”?=0 is made the 
zero for the scale of ordinates and the curve is then that of ©,—®,° 
against m”?, Then the relative partial molal heat content of hydro- 
gen chloride is obtained by means of the relation 


» A(&, — &,°) 
H,— H,° = (&,—,°) + 1/2 mi? a amie 


and the relative partial molal heat content of water is given by 


d(#,—,°) 
dm? 


(44) 


a yr m ‘ 

H. —H,°= 7T\ See bor 1/2 mi? 
. . 55.508 ~' 

The existing data on heats of dilution (with the exception of many 

data for the dilute region of concentration which appeared in the 

paper already referred to *) are shown in Figure 6, where the ordi- 


(45) 








8 Gucker, F. T., and Schminke, K. H. (see footnote 50, p. 694), found that, for aqueous hydrogen chloride 
and potassium hydroxide, the values of &. at about 0.04 mola] undergo an abrupt change, apparently in- 
creasing to very high values at infinite dilution. However, pending the confirmation of this behavior, 
whic h Gucker and Schminke tound peculiar to hydrogen chloride and potassium hydroxide but not to 
lithium chloride, one can continue to use the linear extrapolation to infinite dilution. 

; Rossini, F. D., B. S. Jour. Research, vol. 6, p. 791, 1931. 

* See footnote 53, p. 695. 
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nate scale has already been shifted to make the plot one of 4,~—4,° 
against m'?,. The values plotted in Figure 6 are from the data of 
Thomsen * at 18° C., Berthelot ® at 18° C., and Wrewsky and 
Savaritzky ” at 21.5° C. These data have been corrected to 2 25° C,, 
using the appropriate values for heat capacity. The curve in the 
region from m?=0 to m'?=1.4 represents values of &,—®,° for 
25° C., calculated from those for $,—,° at 18° C. which have 
already been compiled by the présent author.® 

In the above manner the values given in Tables 6 and 7 have 
been derived. Table 6 gives 4,—,° for aqueous hydrogen chloride 
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Figure 6.—The relative apparent molal heat content of HCl in aqueous solution 
of HCl at 25° C. 

The scale of abscissas gives the square root of the molality. 

The scale of ordinates gives ,—,°, the relative apparent molal heat content, for HCl in aqueous solu: 
tion of HC) at 25° C., in kg-cal.s1s per mole. 

The points designate the experimental values (corrected to 25° C.) of the following investigators 
@, Wrewsky and Savaritzky; A, Berthelot; and 0, Thomsen. 

The points marked © are values (corrected to 25° C.) obtained from those for 18° C. previously given 
by the present author. 


at 25° C., with the composition of the solution expressed in terms of 
the number of moles of water associated with 1 mole of hydrogen 
chloride. Table 7 gives values for 6,—,°, H,—H,°, and H,-H, 
at 25° C., for selected values of m¥?. 





55 Thomsen, J.. ‘i hcsrmochemische Untersuchungen, vol. 2, Barth, Leipzig, 1886. 
56 Berthelot, M., Ann. chim. phys., vol. 4, p. 467, 1875. 

5? Wrewsky, MM., and Savaritzky, N., Z. physik. Chem., vol. 112, p. 90, 1924. 

58 See footnote 53, p. 695. 
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TaBLE 6.—Relative apparent molal heat content of HCl in aqueous solution of HCl, 
at 25° 


[The composition of the solution is given in terms of the number of moles of H20 associated with 1 mole of 
j HC}) 





Solution Pp—P4° Solution Pr—D)° 





g-cal per g-cal per 
mole of HCl mole of ITCl 
HCl. @H20 0 HC1.18H20 920 
HC1,6400H20 46 HC1,15H20 1, 050 
HC1.3200H20 65 HC1,12H20 1, 250 
HC1,1600H2:0 90 HC1,10H20 1, 460 
HC1,800H20 128 HC1.8H20 1, 760 
HC1,400H20 181 HC1,.6H20 2, 320 


HC}],200H20 249 HC1.5H20 2, 760 
HC}.100H20 343 HC1.4H20 3, 440 
HC1.50H20 483 HC1.3H20 4, 480 
HC1,25H20 730 HC).2H20 6, 400 
HC1.20H:0 850 HC1.1H20 11, 800 
| 
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/ TaBLe 7.—Apparent and partial molal heat content of HCl and partial molal heat 
E content of H,O in aqueous solution of HCl, at 25° C. 





m 

% moles of 
- HCl per 
1,000 g H20 


| 
_-_ — _-_ — | 
b,—P)° I1,— H2° I,—H,° } 
g-cal. per | g-cal. per g-cal. per | 
mole of HCl/mole of HC]} mole of H2,0 





0 
49 
98 

146 


238 
281 
367 
458 


561 
675 
805 
955 
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1, 120 
1, 610 
2, 260 
3, 040 


nm 


acy 


16. 00 3, 920 
20. 25 4, 860 
25. 00 5, 840 
30. 25 6, 860 
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| 3. THE HEAT OF SOLUTION OF HYDROGEN CHLORIDE IN WATER 


' The heat of solution of hydrogen chloride in water has been 
| measured by Thomsen,” Berthelot and Louguinine,” and Wrewsky 
) and Savaritzky. The data of these investigators have been cor- 
| tected to 25° C. by means of the proper values of heat capacity and 
; are shown in Figure 7. These data are for the reaction 


: 55.508 esr’ 55.508 - 
HCl (gas)++———_ H,0 (liquid) = HCI. ———H,0 (solution) (46) 
Me Thomsen, J., Thermochemische Untersuchungen, vol. 2, Barth, Leipzig, 1886. 
* Berthelot, M., and Louguinine, W., Ann. chim. phys., vol. 6, p. 289, 1875. 

' See footnote 57, p. 696. 
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The curve shown in Figure 7 is drawn through the data of Wrewsk 
and Savaritzky with extrapolation to infinite dilution made with th 
aid of the values of #,—,° given in Table 7. 

From these data the value for the heat of solution of hydroge 
chloride at infinite dilution in water at 25° C. 


HCl (gas) = HCl (aqueous, m= 0) (47 
is 
AH xg.3= — 17,880 + 40 g-cal.;; mole! (48 


4. THE HEATS OF FORMATION OF SILVER CHLORIDE AND MERCUROl3 
CHLORIDE 


In order to utilize the data on the temperature coefficient of the 
emf of certain cells for obtaining the heat of formation of aqueow 





" pers | 











FiaurE 7.—The heat of solution of HCl (gas) in water at 25° C. 


The scale of abscissae gives the square root of the molality. 
RRR a; 
The scale of ordinates gives the heat of the reaction HCl (ean) +2 H20 diquid) = HCI- 99.508 £120 (ota 
at 25° C., in kg-cal.is per mole of HCl. 
The points designate the experimental values (corrected to 25° C.) of the following investigators: @ 
Wrewsky and Savaritzky; A, Berthelot and Longuinine; and 0, Thomsen. 
The point marked ©, at m=O, gives the value for infinite dilution. 


hydrogen chloride, it is necessary to have accurate values for the 
heats of formation of silver chloride and mercurous chloride. Fort 
nately, data are available for calculating these values with considerabl 


accuracy. 
For the reaction 
Ag (solid) + 1/2 Cl, (gas) = AgCl (solid) (49) 
the free energy change ® is 


AF ° og. = — 26,211+9 g-cal.;; mole! (50 
_ The entropy change for reaction (49) can be calculated from tw 
independent sources: (1) From values of the entropies of silvel, 





62 See p.692. The difference in free energy between crystalline and chemically precipitated silver chloride 
was found by Randall and Young (see footnote 7, p. 680) to be zero within the limits of uncertainty. 





[ Vol. 


wsky 


h the 
rogen 
(47 
(48 
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chlorine, and silver chloride; and (2) from a knowledge of the tem- 
perature coefficient of the emf of the cell in which reaction (49) occurs. 
New data on the heat capacity of silver and silver chloride down to 
low temperatures have been obtained recently. From such measure- 
ments, Hucken, Clusius, and Woitinek ® obtained for silver, S°295 1 = 
10.16; Giauque and Meads “ reported a preliminary value for silver, 
§°oog. 1 = 10.01; and Eastman and Milner © gave for crystalline silver 
chloride S°o3.: = 22.97 + 0.08. The entropy of silver will be taken as 
10.09+0.07. Combining these data with those of Giauque and 
Overstreet © on chlorine one finds for reaction (49) 

AS og.1 = — 13.77 + 0.12 g-cal.;, mole! (51) 


For the temperature coefficient of the emf of the cell in which reac- 
tion (49), with chemically precipitated silver chloride, occurs, Gerke ” 


}found for 25° C., the value 


TH — 0.000595 + 0.000006 international volt ° C™ 


» Correcting the chlorine to unit fugacity, one obtains for reaction (49) 


AS° 299.1 = — 13.69 + 0.14 g-cal.;5 mole-! ° C.-! (52) 


The average of (51) and (52) gives for reaction (49) 


AS°og.1 = — 13.73 + 0.12 g-cal.,; mole! ° C.-! (53) 
By means of equations (2), (50), and (53) one finds for reaction (49) 
A o98 1 — 30,304 +40 g-cal.s5 mole7! (54) 


Within the limits of uncertainty this value is apparently that for either 
crystalline or chemically precipitated silver chloride. 


For calculating the heat of formation of mercurous chloride, a 


' slightly different procedure is necessary because an accurate value for 
| the entropy of mercurous chloride is not available. 


For the cell in which the reaction was 
Ag (solid) + HgCl (solid) = AgCl (solid) + Hg (liquid) (55) 


) Gerke ® found, at 25° C., with chemically precipitated salts 


di _ 0.000338 + 0.000002 international volt °C.~ (56) 


dT 


Foo 1 = 0.0455 international volt (57) 


This latter value is well substantiated ® by measurements of other 
F investigators, and the uncertainty can be taken as + 0.0003 volts. 


Using the Gibbs-Helmholtz relation 


AH= NF(T$p- E) 58) 


| one finds for reaction (55) 


AH oog.1 = 1276 + 16 g-cal.,; mole (59) 


* Eucken, A., Clusius, K., and Woitinek, H., Z. anorg. Chem., vol. 203, p. 39, 1931. 
“ Giauque, W. F., and Meads, P. F., see footnote 6, p. 680. 

% Eastman, E. D., and Milner, R. T., personal communication. 

* See footnote 6, p. 680. 

" See footnote 36, p. 692. 

* See footnote 36, p. 692. 

“ See footnote 7, p. 680. 
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Combination of reactions (49) and (55) gives 


Hg (liquid) + 1/2 Cl, (gas) = HgCl (solid) (60) 
for which | 
AH 29g 1 = — 31,580 + 45 g-cal.,; mole™! (61 





















5. THE HEAT OF FORMATION OF AQUEOUS HYDROGEN CHLORIDE 


It is possible to obtain a fairly accurate value for the heat of for. 
mation of hydrogen chloride in aqueous solution from data on the 
temperature coefficient of certain cells and the heats of formation oj 
silver chloride and mercurous chloride. 

Lewis and Randall,” Ellis,” and Harned and Brumbaugh ” meas. 
ured at a series of temperatures the emf of cells in which the reaction 
was 


1/2 H; (gas) +HgCl (solid) = Hg (liquid) + HCl (aqueous, m) (62) 
and from these data calculated, by the Gibbs-Helmholtz relation, 


AH for reaction (62). By adding to (62) the reaction for the for. 
mation of mercurous chloride (solid) one obtains 


1/2 H, (gas) +1/2 Cl, (gas) =HCl (aqueous, m) (63) 


In an analogous manner one can combine the data of Noyes and 
Ellis, Harned and Brumbaugh,” and Butler and Robertson ® on 
cells in which the reaction was 


1/2 H, (gas) + AgCl (solid) = Ag (solid) + HCl (aqueous, m) (64) 


with the heat of formation of silver chloride to obtain the heat of 
formation of aqueous hydrogen chloride. 

These data give the heat of formation of 1 mole of hydrogen chloride 
in an infinite amount of aqueous solution of hydrogen chloride of 
molality m. To the various values of AH for reaction (62) have been 
added the appropriate values of H,—T77,°, taken from Table 7, in 
order to obtain the heat of the reaction 


1/2 H, (gas) + HgCl (solid) = Hg (liquid) + HCI (aqueous, m=0) (65) 


In this manner the following values for reaction (65) were obtained: 





Number 

of differ-| Range of © 

ent mola-| molality AH" ms 
lities 


Data from— 








0.1 —8, 429 
4, 484-0. 0333) —8, 371 
0.1 —8, 400 


a a ee re ee Sarees ee ee 
PSE en kpbhndbidbdin oddnadehetipetnwactleesenn eset ettdaeauee”d 
NN IEEE LIEN CO ES ETE SPT, at OTN 
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The average of these values is —8,400, exactly the value of the 
latest determination, and the uncertainty can be taken as+30. 
Combination of reactions (60) and (65) gives 


1/2 H, (gas) + 1/2 Cl, (gas) = HCI (aqueous, m= 0) (66) 
for which 
AH ° 29.1 = — 39,980 + 55 g-cal.,; mole! (67) 


——$—— 





7 Lewis, G. N., and Randall, M., J. Am. Chem. Soc., vol. 36, p. 1969, 1914. 

1 Ellis, J. H., J. Am. Chem. Soc., vol. 38, p. 737, 1916. 

1 Harned, H. S., and Brumbaugh, N. J., J. Am. Chem. Soc., vol. 44, p. 2729, 1922. 

73 Noyes, A. A., and Ellis, J. H., J. Am. Chem. Soc., vol. 39, p. 2532, 1917. 

74 See footnote 72, p. 700. 

76 Butler, J. A. V., and Robertson, C. M., Proc. Roy. Soc. (London), vol. 125, p. 694, 1929. 
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’ In like manner, adding the appropriate values of H,— H,° to 
Seonvert the data to infinite dilution, one finds for the reaction 


1/2 H, (gas) + AgCl (solid) = Ag (solid) + HCl (aqueous, m=0) (68) 


§ the following values: 


Number 
Data from— of mola- 
lities 


Range of 


molality AH°m8.1 





a TT L , —9, 552 
b, Noyes and Ellis. -- ee ee ---- . 33% —9, 643 
‘ Harned and Brumbaugh - - -- cue eens a8 (<abadwae woes ’ = pd 
ES . 1-0. —9, 55 

: ge An a ec alas itn nite eer ee 4 — oss 














/ Taking the average of these values, one finds for reaction (68) 


AF x9, 1 = — 9,594 + 50 g-cal.;; mole! (69) 
; Combination of equations (54) and (69) gives for reaction (66) 
2 AH 95.1 = — 39,898 + 65 g-cal.;; mole! (70) 
‘ Taking the average of (67) and (70) one finds for reaction (66) 
j AH ong 1 = — 39,938 + 55 g-cal.4, mole~ (71) 


| This value, fortunately, is practically identical with that obtained 
| by combining equations (18) and (48) which give for reaction (66) 


AH? 9.1 = — 39,943 + 40 g-cal.;, mole? (72) 


E which will be taken as the best value for the heat of formation of 
F aqueous hydrogen chloride at infinite dilution. 


| 6. THE FREE ENERGY OF FORMATION OF GASEOUS HYDROGEN 
7 CHLORIDE 


' The free energy of formation of gaseous hydrogen chloride is given 
p by equation (32) as 

AF o9¢ 1 = — 22,738 + 33 g-cal.,; mole7! (32) 
| A value having a smaller uncertainty than the foregoing one can 
| be calculated from equations (2), (18), and (19). This gives 
AF ° 593.1 = — 22,775 + 12 g-cal.,;; mole (73) 

7. THE ENTROPY OF AQUEOUS HYDROGEN CHLORIDE 

The entropy of aqueous hydrogen chloride is the basis for the 
' calculation of the entropies of aqueous ions according to the methods 


| of Latimer and coworkers.” 
For the reaction 


1/2H, (gas) + 1/2Cl, (gas) = HCl (aqueous) (74) 
F one finds by combining equations (2), (24), (27), and (72) 


AS o8.1 = — 28.87 + 0.15 g-cal.;,; mole ~!°C.! (75) 


® See f 0tnote &, p. 681. 
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Then for aqueous hydrogen chloride at hypothetical 1 molal, wher 
its heat content is the same as that at infinite dilution, 


S$ 208-1 = 13.40 + 0.15 g-cal.;; mole ~! °C. (76 
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THERMAL EXPANSION OF LEAD 
By Peter Hidnert and W. T. Sweeney 


ABSTRACT 





Measurements have been made on the linear thermai expansion of three sam- 
ples of cast lead between room temperature and 300° C. and the results have been 
correlated with data obtained by other investigators between 1740 and 1931. 

® A curve has been derived which shows the linear thermal expansion of lead 
between — 253° and +300° C. The summary gives average coefficients of ex- 
Spansion for various temperature ranges between —250° and +300° C 

» A comparison of the indirect results by Kopp and Matthiessen with the direct 

Hdata by other observers, indicates that lead expands the same in all directions. 
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I. INTRODUCTION 





The thermal expansion of lead has been of considerable interest 
"for nearly 200 years. Its measurement has been the object of more 
Pthan 25 investigations. A summary of available data obtained by 

= various inv estigators is given in Table 1 

i Between 1740 and 1831, a number of determinations of the coeffi- 
) cient of linear expansion were made for the range from 0° to 100° C. 

: >In 1831, Daniell reported the changes in length of a bar of lead heated 
S from 17° to 100° C. and to the point of fusion, respectively. From 

© that time up to 1930, no measurements on the linear thermal expan- 

© sion of lead above 110° C. have been located in the literature. The 
| present authors appear to have been the first observers after Daniell 

© to report data on the linear thermal expansion of lead above 110° C. 
| Their abstract giving coefficients of linear expansion on heating for 
} various temperature ranges between 20° and 300° C. was published . 
jin February, 1930. In October of the same year, Uffelmann ’ pub- 
B lished coefficients of linear expansion for various temperatures between 

© 80° and 280° C. 

» The present investigation was undertaken’ in order to obtain 

reliable data on the linear thermal expansion of lead above 100° C. 

e The data obtained between 20° and 300° C. have been correlated 

| with results by other observers. 

) The authors wish to express appreciation to H. W. Bearce, W. 

p Souder, and H. S. Rawdon for valuable suggestions, and to H. S. 
) Krider’ for 1 assistance during the preparation ‘of the manuscript. 





fs: 


1 ' Hidnert and Sweeney. (See Table 1. ) 
'See Table 1, 
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II. MATERIALS INVESTIGATED 


Three samples of cast lead were investigated. The purity and 
the method of casting of the samples are indicated in Table 2. The 
length of each sample was about 300 mm and the cross section 10 mm 


square. 
III. APPARATUS 


The furnace shown in Figure 1 of Scientific Paper of the Bureay 
of Standards No. 488, was used for the measurements of the linear 
thermal expansion of sample 1001 and the white furnace shown at 
the extreme left of Figure 1 of Scientific Paper of the Bureau of 
Standards No. 524 was used for samples 1144 and 1215. Figure 4 
of the latter paper indicates the method used in mounting samples 
1144 and 1215 in the furnace. 

Expansion measurements were made by means of micrometer 
microscopes, which were sighted on fine wires suspended from or in 
contact with the ends of the specimen. For a detailed description of 
the apparatus and the methods used the reader should refer to the 
publications mentioned. 


IV. RESULTS 


Observations were made on the linear thermal expansion of three 
cast samples of lead at various temperatures between room tempers- 
ture and 300° C. and the results obtained are shown in Figure 1. 
The expansion curves are plotted from different origins to display 
the individual characteristics of each curve. 

The average coefficients of expansion given in Table 2 were derived 
from the observations on heating and on cooling. This table also 
gives the differences in length before and after the expansion tests. 
The plus (+ ) sign indicates an increase in length and the minus (—) 
sign a decrease in length. 


TABLE 2.—Average coefficients of linear ——_ of cast lead 





| | | 
Average coefficients of |Change 


expansion per® C. | in 








| ss ie length 
| | | after 
| | | B | | heating 
¥ | Lead Nac =e | | to 
— con- Method of casting oo Dating at | | 300° 
ple | tent! | NO. | cooling  |20° to/20° to}20° to}20° to! and 
| | | | 60° roi | . 300° | cooling 
| C. y | C, {to room 
| | tem- 
| | pera- 
| | ture 
| 
~ 7 | a | : 5 ~~, - A ee ik a: 4 
Per | } 
cent | Irite - fe 101X107) 10%] Per cent 
eating-- ’ 9.6 | 31. 2.5 |) 
J: ee i Preheated steel mold-..-.-.---- * hic ooling.. -s:-;-| 20.3 | 20.4 | 31.6 lp +0.0 
| y | 28.3] 28 20.5 
s1144| $2.9 | Sand mold. | [eaeing [5837 a8) 8 | 8h9 
7 i | Heating - “120:0 | 28.9 | 29.7] 30.9!) _ 
i Se Cooling... ./.....-| 28.8 [.4-2. 31.1 )) © 
31215| 99.8 isos i from same ingot as sam | » |fHeating ..---| 28.8 | 29.4 | 31.0 |} w 
‘ | 29.8 | 31.0 \f 
} 














™ [tCooking. en | 
| | 28.8 29.1 | 30.0 31.3 | 





1 Analysis by H. A. Buchheit, of this bureau. 

2 See sample 1215. 

8 Density for samples 1144 and 1215, 11.310 and 11.329 g/cm! at 25° C., respectively, determined by Miss 
E, Hill, of this bureau. 
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The differences obtained in the coefficients of expansion of the 
three samples of cast lead are probably due to variations in the methods 
p of casting. 





EXPANSION IN PER CENT 


° HEATING 
* COOLING 


« l | a 
O 100 200 300°C 
TEMPERATURE 


Figure 1.—Linear thermal expansion of three cast samples of lead 











Sample 1001 which was cast in a preheated steel mold, has larger 


| coefficients of expansion than the samples cast in sand molds. From 
the observations obtained on cooling, it appears that the coefficients 
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of expansion of sample 1001 on the next heating would be less thay 
those obtained on the first heating. 

The curve in Figure 2 represents the linear thermal expansion of 
lead between —253° and +300° C. The portion of the cury 


between — 253° and +20° C. represents the data obtained by previous 
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FiauRE 2.—Comparison of the average expansion curve derived in the present 
investigation on lead, with data from the observers 

The lower portion of the curve from —253° to +20° C. was derived from data by Linde 
mann, Ebert, Dorsey, and Griineisen, and the upper portion of the curve from 20° to 
300° C. represents the average of all results obtained in the present investigation on threé 
samples of lead. 
investigators, and the portion between 20° and 300° C., the average 
of all results obtained by the present authors on the three samples of 
lead. The values obtained by other observers are included in this 
figure for comparison. Most of these values show good agreemeni. 
Bouguer and Muschembroeck obtained the lowest values and Ber- 
thoud the highest value at 100° C. 
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Kopp and Matthiessen’s data for linear expansion obtained indi- 


rectly from density measurements agree closely with direct measure- 


ments made by other observers, and therefore it appears that the 
expansion of lead is the same in all directions. oe 
The coefficient of linear expansion derived from Vicentini and 


/Omodei’s value for the coefficient of cubical expansion of lead near 
© the melting point, appears to be too low. 


McLennan, Allen, and Wilhelm published a curve which shows the 


‘relative change of length measured against the change of length of 
S fused quartz near absolute zero. Their conclusion relating to the 
S lattice structure of lead, which is based on the assumption that the 
} expansion curve of lead is almost horizontal in the region of the super- 
‘conductivity point (—266° C.), does not appear to be justified. 
Since the expansion of fused quartz is not known near absolute zero, 
» it is not possible definitely to determine from their curve the actual 
F cxpansion of lead in this region. It is possible that when these 
) observers cooled lead and fused quartz in the region of the super- 
© conductivity point of lead, the contraction of the lead nearly balanced 
) the expansion of the fused quartz * and thus they obtained a nearly 
P) horizontal curve for the relative expansion. 


V. SUMMARY 


Data have been obtained on the linear thermal expansion of three 


© samples of cast lead. Observations were taken at various tempera- 
» tures between room temperature and 300° C., and the data have been 
correlated with available data by other investigators. 


The average coefficients of linear expansion for various temperature 


) ranges between —250° and +300° C., as derived from the expansion 
© curve in Figure 2 are as follows: 


—250° to + 20° C 
— 200° to 
— 100° to 
+ 20° to 
20° to 
20° to 
20° to 


WASHINGTON, September 12, 1932. 





Sci. Paper No. 524 (fig. 11). 
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